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ADVERTISEMENT 


The  Committee  appointed  by  the  Rojial  Societij  to  direct  the  publication  of  the 

Philosophical  Transactions  take  this  opportunity  to  acquaint  the  public  that  it  fully 

appears,  as  well  from  the  Council-books  and  Journals  of  the  Society  as  from  repeated 

declarations  which  have  been  made  in  several  former  Transactions,  that  the  printing  of 

them  was  always,  from  time  to  time,  the  single  act  of  the  respective  Secretaries  till 

the  Forty-seventh  Volume  ;  the  Society,  as  a  Body,  never  interesting  themselves  any 

further  in  their  publication  than  by  occasionally  recommending  the  revival  of  them  to 

some  of  their  Secretaries,  when,  from  the  particular  circumstances  of  their  aflairs,  the 

Transactions  had  happened  for  any  length  of  time  to  be  intermitted.  And  this  seems 

principally  to  have  been  done  with  a  view  to  satisfy  the  public  that  their  usual 

meetings  were  then  continued,  for  the  improvement  of  knowledge  and  benefit  ot 

mankind  :  the  great  ends  of  their  first  institution  by  the  Boyal  Charters,  and  which 
/ 

they  have  ever  since  steadily  pursued. 

But  the  Society  being  of  late  years  greatly  enlarged,  and  their  communications  more 
numerous,  it  was  thought  advisable  that  a  Committee  of  their  members  should  be 
appointed  to  reconsider  the  papers  read  before  them,  and  select  out  of  them  such  as 
they  should  judge  most  proper  for  publication  in  the  future  Transactions;  which  was 
accordingly  done  upon  the  26th  of  March,  1752.  And  the  grounds  of  their  choice  are, 
and  will  continue  to  be,  the  importance  and  singularity  of  the  subjects,  or  the 
advantageous  manner  of  treating  them  ;  without  pretending  to  answer  foi-  the 
certainty  of  the  facts,  or  propriety  of  the  reasonings  contained  in  the  several  papers 
so  pul)lished,  v'hich  must  still  rest  on  the  credit  or  judgment  of  their  respective 
authors. 

It  is  likewise  necessary  on  this  occasion  to  remark,  that  it  is  an  established  rule  of 
the  Society,  to  which  they  will  always  adhere,  never  to  give  their  opinion,  as  a  Body, 
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ujion  any  subject,  either  of  Nature  or  Art,  that  comes  before  them.  And  therefore  the 
thanks,  wliich  are  frequently  proposed  from  the  Chaii-,  to  be  given  to  the  authors  of 
such  papers  as  are  read  at  their  accustomed  meetings,  or  to  the  persons  through  whose 
hands  tliey  received  them,  are  to  be  considered  in  no  other  light  than  as  a  matter  of 
civility,  in  return  for  the  respect  shown  to  the  Society  by  those  communications.  The 
like  also  is  to  be  said  with  regard  to  the  several  projects,  inventions,  and  curiosities  of 
various  kinds,  which  are  often  exhibited  to  the  Society  ;  the  authors  whereof,  or  those 
who  exhibit  them,  frequently  take  the  liberty  to  report,  and  even  to  certify  in  the 
public  newspapers,  that  they  have  met  with  the  highest  applause  and  approbation. 
And  therefore  it  is  hoped  that  no  regard  will  hereafter  be  paid  to  such  reports  and 
public  notices ;  which  in  some  instances  have  been  too  lightly  credited,  to  the 
dishonour  of  the  Society. 
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riiOFESSOK  K.  PEARSON  ON  THE  INFLUENCE  OF  NATURAL 


(1.)  Introductory.  On  the  Influence  of  Selection  upon  Correlation. 

At  an  earlier  stage  in  the  development  of  the  statistical  theory  of  evolution  it 
was  suggested  that  the  coefficient  of  correlation  (Galtox’s  function)  might  he  found 
constant  for  all  races  of  the  same  species — in  fact,  it  was  considered  possible  that  this 
coefficient  might  be  the  long-soiight-for  criterion  of  identity  in  species.  Professor 
Weldox,  following  up  this  suggestion  of  Mr.  Galtox’s,  then  made  the  elaborate 
series  of  measurements  on  crabs  with  whicli  his  name  will  ahvays  he  closely  associated. 
To  a  first  approximation  these  researches  seemed  to  confirm  the  j^ossihility  of 
Galton’s  function  being  a  true  criterion  of  species.  When,  however,  a  finer 
mathematical  test  was  applied  to  Professor  Wei.don’s  observations  as  well  as  to 
other  statistical  series  for  organs  in  man,'^  it  became  clear  that  the  coefficient  of 
correlation  varied  from  local  race  to  local  race,  and  could  not  be  used  as  a  criterion 
of  species.  A  slight  investigation  undertaken  in  the  summer  of  1896  convinced  me 
that  the  coefficient  of  correlation  between  any  two  organs,  is  just  as  much  peculiar  and 
characteristic  of  a  local  race  as  the  means  and  variations  of  tliose  organs.  In  fact, 
if  local  races  he  the  outcome  of  natural  selection,  then  their  coefficients  of  correlation 
must  ill  general  differ.  The  object  of  the  present  paper  is  to  show,  not  only  that 
natural  selection  must  determine  the  amount  of  correlation,  hut  that  it  is  jirohably 
the  chief  factor  in  the  production  of  correlation.  If  selection,  natural  or  artificial, 
he  cajiahle  of  producing  correlation,  then  it  seems  impossible  to  regard  all  correlation 
as  evidence  of  a  causal  nexus,  f  although  the  converse  proposition  that  all  causal 
nexus  denotes  correlation,  is  undoubtedly  the  most  jihilosophical  method  of  regarding 
causality. 

In  dealing  with  the  influence  of  selection  on  correlation,  I  shall  supjDOse  the  distri¬ 
bution  of  complex  groups  of  organs  to  follow  the  normal  correlation  surface — the 
generalised  Gaussian  law  of  frequency.  I  shall  further  assume  the  selection  surfaces 
to  be  normal  in  character.  Neither  of  these  assumjjtions  is  absolutely  true,  but  the 
Gaussian  law  in  a  good  many  cases  describes  the  fi-equency  sufficiently  closely  to 
enable  us  to  obtain  fair  numerical  results  by  its  application.  Probably  in  all  cases  it 
will  enable  us  to  reach  qucditative  if  not  accurate  quantitative  theoretical  deductions. 

I  have  the  less  hesitation  in  asserting  this,  as  Mr,  G.  U.  Yule  has  recently  succeeded 
in  deducing  the  chief  formulm  for  correlation  and  regression  as  given  by  the 
Gaussian  law  from  general  principles,  which  make  no  appeal  to  a  special  law  of 
frequency.  I 

*  “  Mathematical  Contributions  to  the  Theory  of  Evolution. — III.,”  ‘Phil.  Trans.,’  A,  voi.  189,  266 

and  280.  See  also  E.  Warren,  “Variation  in  Purtunus  depurator,”  ‘Roy.  Soc.  Proc.,’  vol.  60, 
pp.  233-4. 

t  See  a  series  of  letters  in  ‘  Nature,’ vol.  54,  1896,  arising  from  a  discussion  upon  a  paper  by  A.  R. 
Wallace. 

J  ‘Roy.  Soc.  Proc.,’  vol.  60,  p.  477. 
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In  particular,  if  a  selected  group  be  not  given  with  very  great  accuracy  by  a 
normal  frecpiency  surface,  still  we  may,  I  think,  consider  ourselves  justified  in 
supposing  that  the  effects  of  the  actual  selection,  and  those  of  a  normal  selection 
with  the  same  mearis,  the  same  amounts  of  variation,  and  with  correlations  of  the 
same  intensity  will  be  at  least  cpialitatively  alike  in  character,  if  they  be  not  indeed 
exactly  the  same  quantitatively  within  the  limits  fixed  by  the  probable  errors  of  the 
constants. 

My  plan  in  this  memoir  will  be  as  follows  : — I  shall  first  state  the  fundamental 
theorem  in  multiple  correlation  with  a  new  proof,  so  that  the  formula;  required  may 
be  once  for  all  collected  for  reference."^  I  shall  then  give  the  algebraic  investigation 
of  the  new  formulae  for  selection.  I  shall  afterwards  consider  special  simj^le  cases, 
and  illustrate  them  by  examples.  Finally  I  shall  draw  attention  to  the  nature  of 
the  selective  death-rate  as  indicated  in  cases  of  this  kind,  and  consider  at  length  its 
algebraic  theory.  Throughout  I  shall  endeavour  to  illustrate  the  somewhat  complex 
algebra  by  arithmetical  examples. 


(2.)  On  the  Fundamental  Theorem  in  Multiple  Correlation. 

I  have  shown  in  my  memoir  on  “  Regression,  Heredity,  and  Panmixia”  (‘Phil. 
Trans.,’  A,  vol.  187,  p.  261)  that  if  the  n  variables  of  a  complex  be  functions  of  ni 
[m  >  n)  independent  variables  witlr  fretpiency  distributions  following  the  normal  law, 
and  such  that  the  principle  of  superposition  holds  for  the  deviations  from  the  means 
supposed  small  ;  then  tlie  frequency  of  the  complex  with  deviations  from  the 
means  of  the  n  variables  lying  between  and  x^  +  Xo  and  Xo  +  .  .  .  .r,, 

and  Xn  +  Sx„  will  be  2  8.ro  .  .  .  8x„  where  2  : 

^  ^0  ^  ippq'^p^Q)  ) . 

Here  Zq,  Cpp,  c^g  .  .  .  are  constants,  and  denotes  a  summation  for  every  value  of  'p, 
and  So  for  every  j^air  of  values  of  p)  and  q  in  the  series  from  1  to  n. 

In  the  same  memoir  (p.  302)  I  have  determined  the  values  of  2q,  Cpg  in  terms  of 
the  correlations  and  the  standard  deviations  o-p  and  o-g  of  the  n  variables.  This 
point  had  already  been  considered  by  Professor  Edgeworth  (‘  Phil.  Mag.,’  vol.  34, 
p.  201,  1892),  and  some  further  residts  by  Mr.  A.  Black,  reached  before  his  death  in 
1893,  were  published  in  the  ‘  Camb.  Phil  Trams.’  (vol  16,  p.  219,  1897).  The 
})resent  investigation  is,  I  think,  novel,  and  adds  to  results  already  reached  others 
required  in  the  j^i’esent  memoir,  so  that  it  thus  2)laces  together  with  a  fairly  simple 
2:)roof  all  the  fundamental  results  to  ’which  I  shall  have  occasion  to  appeal  later. 

*  Y  e  have  used  these  formulae  for  several  years,  but  they  do  uot  appear  to  have  been  hitherto  published 
in  a  collected  form. 
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Let  us  consider  the  quadric  of  the  order 

Q  =  Sj  {CpjjXj^)  +  28^  {cpfjXpX^  =  constant, 

and  fix  our  attention  on  two  of  the  variables,  say  the  first  two,  and  ifo.  If  these 
Ije  considered  constants,  the  quadric  of  the  remaining  n  —  2  variables  will  not  now 

be  referred  to  its  “  centre.”  But  its  centre,  x^  .  .  .  x,„  will  be  given  by  the 
equations  ; 

CisZi  +  CojXo  +  ^330:3  +  C43X4  +  .  .  .  +  =  0. 

CiU’i  +  C24.'r2  +  C34T3  +  044X4  fi-  .  .  .  +  c,nX,i  —  0. 


Cln^l  "h  C2;,X2  fi-  03^X3  fi-  C4,,X4  +  .  .  .  +  -  0. 

The  following  expressions  will  not  be  zero,  but  will  be  written  a  and  /3 


(ii.). 


CiiXi  +  C21X2  4-  031X3  +  04i.'r4  +  . 

O12X1  +  O22X2  -{-  O32X3  4-  O42X4  4-  . 

Now,  if  A  be  the  discriminant. 


4"  CniX,i,  —  a. 
4~  CiioX)^  —  /3. 


(in-)- 


^12, 


'135 


^215  <^225  ^235 
<^315  ^*325  ^35 


Cm 

Cm 

Czn 


C/ll)  C/,2,  ^7535  •  •  •  C/, 


and  Cpg  the  minor  corresponding  to  Cp,j,  we  have  by  solving  the  above  7i  linear 
equations. 


_  H  /SC12 

^  ’ 


whence  : 

Generallv  also  : 


a  — 


A  (l^iCoo  ^2^  I2I 

n  ri  _  01  3 

'“n'^23  ^13 


^C]o  "t  /50.70 

'a 


O  _  A  11  X1C12) 

^  “  C11C22  -  Ci2“ 


(v.). 


Qi  f, 


C’lo  +  /3C 


2? 


(C1A3  -  CoyLialU  +  (Cn  A  -  Ci,Ci3)^’3 

C  ~ 

'"12 


ri  c 

L.  22 


(vi.). 


— .  iliyXi  4-  D2JX2,  say. 
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This  determines  the  central  co-ordinate  for  any  variable  Xg  for  a  given  value  of 
a-j  and  x^. 

Now  let  us  transfer  the  quadric  to  aq,  x^  .  .  .  a„  as  origin.  It  may  be  written 


Q  =  S^-1'  (ciyXi  +  Coya.,  + 
=  (a^  -b  a^ 


+ 


+  C^iX-i  +  C^fjX^  -4- 
+  Cg^a  3  + 


ICx^Xi  +  c-i\X2  +  Csiaj  + 

"1"  1  /I 


,  /Cioaj  4*  Co^a.,  +  Cgoa,  + 

+  a.,  ( 

\  +  Csia  3  4- 

Making  use  of  the  n  linear  equations  (ii.)  and  (iii.) : 


-j-  ('nqX,^ 


-J-  C.,iqXn 

4“  C h) . 
+  ^n\^n  ' 

— C)iiX  ji 

4~ 

4~  CjjnX  ,j 


Q  —  ^1=3  (^7  ~b  ^  (?)  3  “b  r  ”b  •  •  •  “b  «) 

4“  a^  (a  4"  4  +  •  •  •  +  Cupc' ,) 

4"  (/3  4“  Cgoa'g  4"  cqoa  ^  -b  •  •  •  +  Cnpx.',^ 

=  X'q  {c^qX\  4-  C^,qX\  4"  ...  4"  Cn,fc',) 

“b  o.Xy  “b  /3a.i . 


(vii.). 


For  arranging  vertical  columns  in  rows,  the  remaining  terms  are 


+  S2  =  3  (w)) 

+  (^hr'^1  +  4-  iVq)) 

4“  ^'u  4“  “b  ^^^  =  3 

each  line  of  whicli  vanishes  Ijy  the  equations  (ii.)  for  the  centre. 
Accordingly  ; 

Q  =  Q'’  “b  aaq  4“  ^x.^, 


where  Q'  is  a  quadratic  function  of  a'g,  x\,  .  .  .  a'„,  not  involving  a^  and  a,  at  all. 
Hence  :  z  =  Zq 

Now  integrate  2  with  respect  to  all  the  variables  a'g,  x\,  .  .  .  a'„  from  —  co  to  4“  00  , 
keejjing  a^  and  a^  constant. 

Then,  although  the  origin  is  a  function  of  aq  and  ag. 


cannot  involve  a^  and  ao  but  only  Cg,^,  . .  ,  c„^,  &c.  ;  let  the  result  be  Then  : 


—  +  Px.,) 


r, 
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must  be  the  correlation  surface  for  and  for  all  values  of  x^,  ;r^,  . . .  x„.  AVe  may 
write  it  in  the  form 


y  ,  —  2C,2.Yj«2  +  C\|Y2^ 

2  =  Co  expt.  -  J-  A  ph 

'^'12 


.  .  (foii.). 

Comparing  this  with  the  known  form  of  the  correlation  surface  for  two  variables,'^ 

+  ^V  •  • 


^  expt.  -  i  ^ 


27rcr^o-2\/ 1  — 


yp  -  ^’i  .  yp 

1  O  \  O  I  ( 

1  —  5  12"  \cri"  cTtO-,  cr.v 


'  1“  2 


we  have  at  once 


T'  r<  _  f'  2 

n-  2  O  _  r  21  —  kllkgg _ klA 

0-1  fool-  , 


cr, 


fo(l-fop)  = 


n  n  T'  2 

'•-^11 '^00  '^■[2 


AC„ 


Whence 


Or,  generally  : 


'OsO’iCTo  —  Oi'^/A  ..........  ^x. 

”  ^is/v^CiiGoo . (xi-)’ 

o-i"  =  0-2"  =  Coo/A . (xii.). 


^ J}J  ^pq! ^pp^qq . (xUl.), 

(jp  —  \/V>ppI^ . (xiv.). 


Thus  correlations  and  variations  are  fullv  determined  in  terms  of  the  discriminant 
and  its  minor  for  the  constants  c^,  c^o,  C\q.  -  ■  ■  <~‘pp,  Cqq-,  <^pq,  •  •  •  Cm- 

We  have  next  the  inverse  proposition  to  find  the  c’s  in  terms  of  the  r’s  and  cr’s. 

We  have,  by  well-known  propositions  in  the  theory  of  determinants  : 

CiOii  +  C12C12  +  C13C13  -f  .  .  .  +  Ci„Ci«  =  ■A. 

+  C’r’Ofo  +  C13C23  +  .  .  .  -h  Ci„C2„  =  0. 

Cllf '31  +  O12O32  +  C13C33  -}-...+  ei^C'S/i  =  0. 


Or, 


+  2  +  C13C  + 

Cl  1  erf”  +  Ci2^  \ocr^(y'o  +  Cis-l’isO-iO-s  + 
ClpwiCriCTo  +  Ci2Cr2‘'  +  Ci^)‘2s(r2(X3  + 
Clir3iCriCr3  +  Cio')'s20'20'3  4“  CisCTs"  -|- 


+  Cl,(C,„;  -  0. 

•  •  “h  Ci„ri„crio-„  =  i, 

•  •  +  Ci;,r.2„cr2cr,,  =  0, 

•  •  +  Ci„r3„o-3cr„  =  0. 


Hence  solvino- 

o 


CiP^jCTicr,,  -{“  Cior^oCTocr,,  -p  Ci3'?’„3(T;jCr,;  +  .  .  +Ci„cr„' —  0. 

Cll  —  ►^ii/S,  Cirj  —  felj/b . 

*  Pearson,  ‘Phil.  Trans.,’  A,  vol.  187,  p.  264. 


(xv.). 
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where 


S  = 


•^15  '^’l30'lCr3, 

i'-ZlO'iO'z,  cr-^ ,  '>'•13^2^3^ 

ni^iO-3,  r.^(To(T^,  a■3^ 


^  i«cr|Cr,; 

0'2  cr /, 

^  3>t  ^3^n 


^  ^  ^  ii3^3^ hi 

and  S^y  is  the  minor  corresponding  to  the  constituent  rp,^(Tp(Tq 
But  S  =  (Ticr.f  cr^  .  .  .  cr,dB, 

a  ^  2 

^pq  —  ^ 

where  R  is  the  determinant, 

1)  ^‘l2i 


(T„ 


^ q  • 


r. 


•21) 


1, 


^31)  '^'oZi 


F 


cr/R 


'^'vi 

rzu 

r.„ 


(xvi.), 


and  Ry,y  is  the  minor  corresponding  to  the  constituent  Thus  we  have 


or,  generallv. 


Thus  3  may  he  written'’ 


^'ii  “  A  2  I’Ll/ 


_  1 
a:r  ll  ’ 


ly 


^pq 

L^/  'p 

1l  a 


v  / 


=  ^  ] 
CTiCTy 

Vjy/R  .  .  . 

.  .  (xvil.) 

:  ---  R^y/R  .... 

O-pCTq 

(xviii.), 

)  +  2Sj 

/  R'<7  ''Y'V  \  1 
\  h  aj,a,J\ 

It  remains  to  determine  in  from  the  fact  that  the  volume  of  the  surface  =  N. 


Or, 


r+r.  -  +  X  r  +  x 

N  =  i|j  I  I  •  •  •  expt.  (—  jQ)  dxi  d'x.2 .  .  .  dx„ 

•  —DC*  —  X  *  —  X 


px  ,-+K 

r+  37 

•  —  X  •  —  X 

&c. 

■  J-X 

R 


R,: 


dx\  dx'o  ■  ■  ■  dx'n . 
ISIow,  integrate  first  with  regard  to  x\  writing  first 


(xx.). 


*  ‘Phil.  Trans.,’  A,  vol.  187,  p.  302. 
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R 


s.  (if 


121  ^ 


1  >  1  > 

—  zm  I  _1_  Ul2  /  ,  PMs  /  1  I  / 

—  T>l'^lO^T>  ■^31  i> 

Ji  \  J-hi  -L^n 


T  »  '  ’2 


+ 


11  -^'11 
P  P  P  2 


RR„ 


X 


+ 


1 )  p  P 

jA^  <1  \  "> 


RR 


11 


wliere  is  tlie  sum  for  all  values  ofyj>,  and  for  all  pairs  of  values  of  y)  and  y,  from 
2  to  n  inclusive, 


K  + 


P' 


B1  .tJ  3 


R' 


X 


p 


+ 


‘7-< 


where  li\  =  Sj 


.U, 

j 

11 


For  if  Pt'  =  Pjj,  or  the  determinant  of  the  correlation  coefficients,  omitting  all 
involving  the  first  variable,  i.e.,  the  first  row  and  colnmn  of  It,  the  determinant  Pv,'^^ 
corresponding  to  the  minor  of  the  constituent  in  Pi'  or  to  the  second  minor  (.  Pii)y,^ 
of  Pi  is  given  by 

and  for  yi  =  q, 


=  (Pv/^P^II  ~ 


(xxii.). 


Hence,  integrating  x\  between  the  limits  +  oo  and  —  cc,  we  have 


N  =  ^'oCriO‘3 


X 


r  +  30 

expt. 

J  —  00 


V 


T.)  / 

J'P  3 

|  )  /  p 


+  1 


OS' 


T>/ 

pq  /  / 

j>/  ^  p'^  q 


dtp  o  r/a  Q .  .  .  da 


This  is  of  precisely  the  same  form  as  before,  except  that  we  have  the  factor 
•v/ 27r  x/P/lP,  and  the  multiple  integral  is  reduced  by  one  integration  and  by  the 
disappearance  of  all  correlations  involving  the  first  variable.  Now,  integrate  with 
regard  to  a'o.  The  sole  effect  will  he  to  multiply  by  a  factor  \/  'Itt  \/R'/P",  where 
Pi"  is  the  minor  of  R'  not  involving  correlations  of  the  second  variable.  Thus,  by 
repeating  the  process,  we  have  ultimately 


N  = 


ZijCTicr^ 


o-„  (v/277)"  v/R/1P  x/R'/R"  v/R"/R' 


? 


or, 


~u 


N 

(27rp'  (T^CTo  .  .  .  cr„  \/R 


(xxiii.), 


wliich  gives  the  constant  of  the  surface. 

The  preceding  investigation  enables  us  also  to  deal  with  two  further  points. 

(o)  Given  n  varial)les,  what  is  the  mean  xmlue  Wj  +  .ny  of  the  first  variable  and 

its  variability  (r\  for  definite  values  m.^  ff-  h.,  7723  +  h.  .  .  .  77?,,  +  /?,,  of  the  other 
(??  —  1)  variables  ? 
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_  Clearly,  when  x! 


.  x'„  are  constants,  the  distribution  of  x\  is  of  the  form 


constant  X  expt. 


x\  + 


.Pm  " 


3 


Or,  re-introducing  the  o-^,  cto,  .  .  .  a,,,  we  have  a  distribution  about  the  point  given  by 


Xi  = 


R  ]  o  I  P  l  3 

-  I  T>  “  T"  + 


R 


11 


E 


11 


cr.. 


I  Epj  x,i  ^ 

“b  T*  ~  I 

±1,,  rr..  / 


11 


with  standard  deviation 


o-\  =  cxi  v/R/Il 


11 


(xxiv.). 


(b)  Given  n  variables,  what  are  the  mean  values  rii^  +  x^,  ni^  -f-  Xo,  the  standard 

deviations  a-'\,  cr'b,  and  the  correlation  of  two  of  them,  when  we  give  definite 
values  arg  +  Ag  ,  aij.  +  /i4.  .  .  .  .  -f-  to  the  remaining  (n  —  2)  variables  ? 

In  this  case  Ave  have  from  (i.) 


2  =  expt.  — 


+  2  (cjgAg  -b  -b  .  .  .  -p 

“1“  ^  “1"  ^34^0  ~b  •  •  •  “b  (^'hyb ,>)  G 

+  terms  not  involving  x^  and  x’.,}  . 


(XXV.). 


Writing  for  the  coefiicient  of  .r^,  and  for  that  of  x.,,  we  have  for  the  centre 


./ij  — 


Xi  = 


x-^  — 


C'i-1^32  ^2^1 2) 

^1iG2  ^12” 

bl^23  —  b2^  J  ’ 

/IfiyJLo  —  En^jRi., 


—  cr 


i-"l 


P  P  2 


12 


X.T 


a'.,. 


(  lC^Cj2  -f-  C'j^lVo) 

o 

b2~ 


^11^2 


X.-)  — 


_  /%^ii  7 

'll,  n  'G  /  ’ 

Ra/jlPn  12 


—  ^2-1 


RjiR-.o  —  Ifio”  pJ 


liy  transferring  to  the  minors  of  R  and  the  cr’s.  Or 

/  /  /  1,  \ 

P  ij>  'h 


X^  = 


cr 


l-l 


R' 


X.7  = 


—  cr.^S., 


P  sp  Ih 
R  "  <r  , 


(xxvi.). 


Here  R"  is  the  detei'ininant  formed  liy  striking  out  the  first  two  rows  and 
columns  of  R  ;  p'\p  is  the  minor  obtained  by  striking  out  the  second  row  and  column 
from  R,  and  then  the  first  roAv  and  column  ;  pb;>  the  minor  obtained  by  striking 
out  the  first  row  and  column,  and  then  the  second  row  and  column.  But  a 

comparison  Avith  (xxiv.)  shoAvs  us  that  these  values  for  and  au  are  precisely  Avhat 
Ave  should  have  obtained  for  the  regression  equations  of  the  1st  and  2nd  variables 
respectively  alone  on  the  other  n  —  2  variables.  Thus  the  existence  and  the 

correlations  of  an  haAm  no  effect  on  the  value  of  nor  those,  of  X|.on.  the  value  of  x^. 


VOL.  C€. — A, 


C 
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Retiuiiiiig  to  (xxv.),  we  remark  that  tlie  terms  of  tlie  second  order  in  and  x..,  on 
Avliicli  the  correlation  and  variations  depend,  are  not  altered  by  a  transfer  to  the 

centre  and  x.^  of  the  array. 

Hence  l)y  (ix.)  and  (xvii.)  we  have 


10  =  —  /--H—  =  —  Kio/vHljiIloo 


(xxvii.). 


This  is  the  partial  correlation  of  the  1st  and  2nd  organs  for  the  remaining  n  —  2 
Tans  w 
Again, 


organs  with  constant  values. 


>  C.io  — 


—"2/1  2\ 
2  ^12  ) 


Whence  we  easily  lind  from  (xviii.)  and  (xxvii.) 


p  p 

CT  p  =  CTi 


1  EiiE,,  -  EiP 


— //  o  0  h  h 

>  O'  0^  —  O'.-" 


U 


2  P  P  P  2  ’ 


or, 


cr''i  =  o-j  \/ltoo/lV,  o-A  =  o-o  \/lti]/R' 


(xxviii.). 


where  IT''  is,  as  before,  the  determinant  li  without  its  first  two  rows  and  columns. 
These  by  (xxiv.),  are  what  we  should  have  reached  by  ignoring  x.^  in  finding  (t\,  and 

x^  in  finding  o-h. 

(3.)  General  llieoreni  in  Selection. 

To  find  the  selected  means,  the  selected  variations  and  selected  correlations,  ivhen 
q  organs  are  selected,  naturcdly  or  artificicdli/,  out  of  a  complex  of  n  organs. 

Let  the  selected  group  of  q  organs  have  their  means  raised  /p,  A,  //g,  .  .  .  (some 
of  tliese  quantities  may  be  negative)  ;  their  .standard  deviations  changed  from 
O'],  o-o,  .  .  .  cTri  to  S],  ig,  .  .  .  Sq,  aiid  their  mutual  correlations  from  ^\.2, 

•  •  •  '^b?’  •  •  •  Pa-’  •  •  •  Piv  Pvi‘>  Piv  •  •  •  Piq^  ■  •  •  Pq-Ur 

The  whole  .system  of  n  organs  before  selection  will  be  defined  by  the  means  as 

origin  of  measurement  for  each  organ,  by  the  standard  deviations  o'],  o',,,  o'g,  .  .  .  o',,, 
aiid  l:)y  the  coefficients  of  correlation  Tv.^^  •  ■  •  •  •  •  Gn-,  ■  •  •  I'n-m-  Let 

It  l)e  tlie  determinant 

L  ^12?  •  •  •  ^1// 

r.,],  1,  7'.,3,  .  .  . 


^  n\'>  ^  n'l’i  ^  u'M  ...  1 

and  the  minor  corresponding  to  the  constituent  /',/t.  Then  the  unselected 
population  is  given  by  the  frequency  surface  of  ecpiation  (xix.). 
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2  =  constant  X  expt.  —  ^  ^ 


Ivv  I  qQ/  /Itw 
R  a/J  ^  R  CT„<7, 


(xxix.). 


For  brevity,  we  can  also  write  this  in  the  form 

2  =  constant  X  expt.  —  i  {S^  {cj,px/)  +  28^  {cp^pX,^)]  .  .  (xxix.)'>'^ 

Now  consider  for  the  time  only  </  +  1  organs — namely,  the  first  q  organs  and  the 
Hf'  organ  (m  >  q),  and  let  ns  write  K  {u),  if  u  he  >  q,  for  the  determinant  : 


Fv  [u)  = 


r, 


21) 


n,, 


23) 


1, 


^  72)  ^  q3^ 

v.li  ^  u2)  ^  «3) 


^  I7)  ^  1 1' 


r-zr.  r.p. 


3u 


1, 


f  *„ 


r. 


VJp 


(xxx.). 


Then  if  F  {u)p'p" 

7.  1''  (^0/''?''  ^ 


be  the  minor  corresponding  to  the  constituent  T^ipu,  and  if 
the  distribution  of  the  <7  +  1  organs  will  be  given  by  the 


^  R  {u)  (j.p,  (Xp 

frequency  distribution 

2'  =  constant  X  expt.  —  {S,  {hp'pXp?')  +  '2^.2{bp,pnXp,Xpr}j  \  .  .  (xxxi.). 

S[  being  a  sum  for  every  value  of  j)  throughout  the  ^7  +  1  organs,  and  S,,  for  every 
pair  of  values. 

Now  let  the  first  q  organs  l)e  given  values  /q,  /q,  ...  It rj,  then  the  mean  value  of  .t„ 
will  l)e  given  by 


X  „  — 


'i-th  +  i‘  h  +  ■  ■  ■  +  f  h,,, 

'-'HU  '-'hH  '-'HU 


R  (?() 


Ft  ^?t 


R  {21).,, 


R  {a),, 


f  I  7  ,  7, 

'^1  I  T)  /  \~  \  I.y  /  \ 


l^R  ('?()«,(  (Ty  R 

Now  these  coefficients  can  be  found  at  once  if  q  he  known. 
For  example  : 


(xxxii. ). 


<1=  h 

q  =  2, 
q  =  3, 


R  {u\ 


qu 


R  {u), 

R  (w)i 


=  r 


lU  5 


1  -  r,f  ’ 


R  («)«» 


'  'III 


1  “  r, 


and 


R  '12  \  JUH  ^  ‘  12 

Iq(y)i),  _  (1  -  r,i)  -  +  r.^3  -f 

R  {n)nu  1  —  ri./  —  r.^-  — 

1^  1  F  ( 

—  and  —  -  ,  -  can 


R  (u). 


R  {uh 


be  written  down  by  symmetry  .  (xxxiii.). 
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Now  suppose  in  the  exjDression  (xxix.)'”®  we  were  to  put  Xy,  .Xo,  .  .  .  equal  to 
liy,  ho,  .  .  .  hj  respectively,  then  the  system  of  ec^uations  to  find  the  means  of 
Xy+i,  for  this  array  would  be  the  "a  —  q  equations 


X 


'  (J+\  ~h  ?+l  ^  ?+2  fi"  ■  ■  ■  X  —  0. 


!7+2  ~l~  ^2,  ?+2  ^^2  ~i~  •••  fi”  ^V’?  +  2  ^?+l!!?+2  ^  !?  +  l  ~i~  *^y+2,!?+2  ^  !?4  2  ~h  •  •  •  ^n.q  +  Z^ 


Cy„  hy  +  Co,  ho  +  ...  +  Jhj  +  Crj+y,,  x' +  y-{- c j +o^,  •  •  •  fi"  x'„  =  0  .  (xxxiv.), 

where  x'g+y,  x'g+o,  .  .  .  x',,  are  the  “co-ordinates  of  the  centre”  of  the  array  of  the 
71  —  q  organs. 

If  we  were  to  solve  these  equations  we  ought  to  get  precisely  the  solution  for 
x',  (m  >  <  n  -{-  1)  that  we  have  found  for  x',  in  (xxxii.)  above,  where  none  of  the 
coefiicients  involve  correlation-coefficients  other  than  those  of  the  first  q  organs 
among  themselves  and  with  the  oigan.  This  result  floAvs  from  the  pretty  obAuous 
law  that  the  mean  of  the  organ  for  an  array  determined  l3y  values  of  the 
first  q  organs  cannot  l)e  in  any  Avay  dependent  oji  our  considering  the  relation  of  this 
selection  of  q  organs  to  any  additional  organs  l)eside  the  :  see  p.  9. 

Thus  the  solution  of  (xxxiw)  is  simply  obtained  l)v  })utting  =  q  1,  q  2, 
q  S,  .  .  .  7}  successively  in  (xxxiii.). 

Let  us  now  select  the  first  q  organs  not  with  al)solute  values,  but  varying  about 
means  /q,  /q,  .  .  .  /q,  AAuth  standard  deviations  s.,  .  .  .  ,sq,  and  with  mutual  corre¬ 
lations  pyo,  pi3,  .  .  .  pyg,  P23>  •  •  •  P2?)  •  •  •  P'7-vj-  have  then  to  multiply  C  in  (xxix.)^'" 

by  an  exponential  quadratic  function  of  the  Xy-\-hy,  .To+Zoi,  .  . .  i.e.,  the  selective 

correlation  surface,  and  divide  it  by  another  exponential  quadratic  surface,  i.c.,  the 
primary  correlation  surface  of  the  q  organs  Xy,  x.,  .  .  .  x,^.  This  folloAvs,  since  the 
frequency  of  each  complex  of  n  organs  must  be  reduced  in  the  ratio  of  the  selected 
to  the  primary  frequency  of  the  complex  of  q  selected  organs.  But  it  Avill  be  clear 
that  such  a  reduction  must  give  us  a  result  of  the  following  form  for  the  final 
frequency  surface  of  the  n  organs  : 

Z  =  constant  X  expt.  —  L  {cn-Xf  -f  c^oX.j^  -f-  .  .  .  -f  CggXf 

“1“  ^?  +  l,?  +  2^?+U  -f  .  .  .  4- 

-h  2c,,i,„x,„Xi.„  -h  .  .  .  {v'  and  v''  <  q  -j-  1) 

-f  2c,.,,XrT,  -h  .  .  .  (i;  <  7  -f  1  and  u  >  q) 

-b  +  .  .  .  (n'  and  ii”  >  q) 

-f-  linear  terms  in  x,,,  {v'  and  v"  <7+1)  •  (xxxv.), 

where  the  c’s  denote  the  changed  c’s. 
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Now  if  we  differentiate  the  quadric  to  find  its  “  centre”  we  have  n  equations  in 
.  .  .  Xq  .  .  .  x,i,  but  the  solutions  of  these,  if  .  .  .  x^  were  eliminated,  are  known 
to  be  the  ‘‘centre”  /q,  /c,  .  .  .  hq.  Hence  we  require  only  n  —  q  equations  involving 
^q+\  .  .  .  £C„  and  we  can,  put  the  /fs  for  the  remaining  values  x^  .  .  .  Xq.  Let  us  take 
the  differentials  of  the  quadric  with  regard  to  Xq+^  .  .  .  x,^,  then  the  resulting 

equations  involve  none  of  the  c’s,  but  only  the  c’s.  They  reproduce  in  fact  (xxxiv.). 
But  the  values  of  Xq^^  .  .  .  x„  found  from  (xxxiv.)  are,  we  have  seen,  identical 
with  the  values  of  (xxxii.).  Thus  we  have 


X 


E  (^  + 

^g+\ 

E  (q  +  lk  +  l,7y  +  l 

Ii  (q  +  2)j 

E  (q  +  'i'lt+^.g+i 

/q  + 
/q  -h 


{q  + 1)3.?+! 

^'y+i 

E  (q  +  Ik+i.i+i 

Co 

Ep2  +  2)2.,^3 

'^y+2 

E  (2  + 

Co 

/q  +  .  .  .  + 

ho  +  .  .  .  + 


h(g+lh  .?+!  y?+i  7  I 


h  (g  F  ^)?,g+2  J  I 


h  (^dl.«  7  h  (5^)3, )J  V,;  J  . 


cr.. 


J  tl  (7?-)^,  ;i  O'// 


(xxxvi.). 


These  give  the  most  general  form  of  a  theorem  proved  for  a  particular  case  in 
‘  Phil.  Trans.,’  A,  voL  187,  p.  300,  c  (ii.).  If  systems  of  q  organs  he  selected  ivitJi  any 
arbitrary  variations  and  correlations  out  of  complexes  of  n  organs,  then  the  mean  sizes 
of  the  remaining  n  —  q  organs  have  jjreciscJy  the  same  values  as  if  the  selection  of  all 
the.  systeras  of  (j  organs  had  been  to  one  size  and  not  varied  cd)ont  mean  values.  The 
arhilrary  variations  of  the  selected  systems  about  these  mean  values,  as  well  as  the 
arbitrary  correlations,  have  no  influence  on  the  mean  changes  of  the  n  —  q  organs. 

Iveturning  to  equation  (xxxv.)  Ave  know  that  if  the  determinant 


A  = 

^1,1’ 

*^T27 

^‘l:3 

•  •  ^X.n 

^2,0 

fo,2> 

■  •  fo,,/ 

*^?2’ 

^?.3 

Oqq, 

•  •  Cfq^  ,i 

(xxxvii  ) 

%+l,2) 

^l?  +  l,3 

•  •  ^q+\,n 

^  n.  1  > 

G/,2) 

.3 

^n.q+X 

•  •  ^nn 

be  formed,  its 

constituents  and 

not  the 

linear 

terms  in 

the 

exponential  of  (xxxv.) 

determine  all  the  standard  deviations  and  correlations.  Let  be  the  variation 
after  selection  of  the  organ  ;  then  if  u  be  one  of  the  selected  organs  =  s,„  if  u 
be  for  one  of  the  unselected  organs  has  still  to  be  found.  Let  x„v  be  the  correlation 
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coefficient  of  the  and  organs  after  selection,  then  if  u  and  v  be  selected  organs, 
=  yo„,. ;  if  they  be  not  both  selected  organs,  then  it  has  to  be  found.  Let  be 
the  minor  corresjoonding  to  the  constituent  c,,v  in  the  above  determinant,  then  by 
(x  )  and  (xiv.) 

. (xxxvni.), 

and 

S,S,IV,  =  ^ . (xxxix.). 

Now  let  us  write  for  brevity  a,,„  =  D„„/A  and  =  L>,,„/A.  Clearly  as  long  as  u  and  v 
are  less  than  q  a„„  and  x,,,.  will  both  be  known,  i.e.,  are  equal  to  s}  and  s„Si.p,__. 
Now  by  a  well-known  property  of  detei'ininants 

~b  “b  ^3:?+l^l3  “b  •  •  •  “b  ^q.'i+\^vi  ~b  ^?+i.y+i'^i,y+i  “b  •  •  •  "b  0 

^1,9  +  2^11  "b  ^2,  ~b  *^3.9+2®^13  ~b  •••■!"  ^q,q+Z^\q  “b  ^9+l,9+2'^l> 9+2  ~b  •  •  •  “b  ^/;,9+2^1«  ^ 


'  1,  //^ll 


+ 


^2, 


12 


+ 


+ 


+ 


^qu^lq 


“b  ^q+l,it 


a 


1,9+2 


+ 


+ 


=  0 


(xl.). 


Comparing  these  equations  for  the  n  —  q  unknowns  <^i,q+i,  “1,9+2  •  •  •  “i«  with  (xxxiv.) 
for  finding  .  .  .  Xp,  we  see  that  they  are  absolutely  identical  if  we  change 

Aj,  ho  .  .  .  hq  in  the  latter  into  a^-^,  .  ■  .  cl^i-  Accordingly  the  solution  is  given  by 

(xxxvi.),  or  we  have 


a 


1.9+1  ~ 


“1,9+2 


I  fi(g+l)l.9-H  “9+1 

1  h  (2  "t  1)2+1, 9+1  “1 


(2  ~t  1)3,2+]  “2+1  gj  _j_  1^  (2  ~t  1)2,2+1  “2+1 

h  (2  U  1  )y+l,2+l  O’;,  ~  h  (2  ”t  1)9+1, 9+1  <yq 


E(5''P  -^)i,9+2  “9+2 
h  (2  "t  2)9+3, 9+2  O’! 


a 


11 


+ 


11  (2  ~t  ~)2.2+2  “9+2  I  I  h  (2  ~t -\,q+i  0'2+2 

2+2  “2  ’  ’  ’  h(2  +  -)2+2.2+2  “2 


E  {q  +  2  j^+3_ 


^1,  n 


C n  It  I 

R  o-o 


"4" - - —  —  OL 

h  “2 
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Provided  v  be  <  q  -b  1  we  might  equally  well  have  used  a,.,,  a^.o, 
we  conclude  that  if  r  he  <5+1  and  u  be  >  q, 


Hence 


Fv  (2O1,,  o-„  Fi  qiC)o„  aq 

I1(«)»hO-^  E(2l)„„cr3 


+ 


E  {U)g 

K(«), 


a,, 


«»  q 


.  (xli.). 


Or,  substituting  the  known  values  of  a^.^,  a,..,,  .  .  .  we  have  for  r  <  -|-  1  and 

u>  q 
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V  V 

—  n> 


—  'S.cr, 


R  (?()„ 


P\t< 


+ 


E  (  zpa 
R  (u)„ 


P-lr  —  +  • 
(To 


+ 


E  {u\ 

E  {u)„. 


+ 


+ 


ll  pllpqu  ^1/  1 

E  00- 


(xli.)'”®. 


The  next  stage  in  our  work  is  to  find  a^,„  when  both  v  and  u  are  >  q,  and  also 
when  V  =  u  and  both  are  >  q.  This  is  done  at  once  by  substituting  the  minors  a„i, 
a„.2,  .  .  .  »^i,q  ■  •  •  in  the  equations  formed  from  the  last  p — q  lines  of  the  determinant 
(xxxvii.). 

We  obtain  the  following  system  ; 


^'1,  y  +  “T  ^'2,  q +\^ ii2 

^\,q  +  2^u\  H“  ^‘l,q+2'^ii2 


“h  +  ~t~  •  •  •  “1“  ^  q,q  +  \^i>q  “h  (^q+2  +  i^ir,q-\-\ 

“h  “h  •  •  •  “h  ^q,q+2'^itq  ~l~  ^'q  +  \^q  +  2^ii,<i  +  \ 


•  1  ^n,q-\-\^Uit 

+ .  • 

'  •  “1“ 

=  0 


=  0 


'  1.  u^ul 


+ 


wl  + 


C;5_„a 


//3 


+  .  .  .  +  c 


H^ltq 


~h  ^q  +  \,i'^ii^q+\  "h 


I  I  O';j„0C„y  I  •  •  •  I  ^q^n'^nq 


Cl  //Ct,, 


uCt,, 


+ 


q+  1,  n^n,  q  + 


1  I  •  •  ■  “h  -  0. 


These  are  identical  with  equations  (xL),  exce})t  that  the  equation  wilh  tlie 
coefficients  Ci,,,  c.,,,,  .  .  .  has  unity  instead  of  zero  on  the  right-hand  side.  Hence 
we  see  that  >  q)  will  be  the  same  function  of  a„i,  .  .  .  oi-uq  that  x\,  is  of  /q, 

/q,  .  .  .  /oy  in  equation  (xxxvi. ),  hut  it  will  add  to  this  a  function  of  the  last  p — q 
system  of  r’s,  the  c’s 


^’'A'/+n  + 

R/+ia/+2) 


c 


«,7+3 


^q  HI  + 


Whatever  this  function  may  he  we  will  represent  it  for  the  time  l)y  y„„ ;  we  notice 
tliat  it  is  independent  of  the  selected  variations  ^q,  .q,  .  .  .  .sVy,  the  selected  means  /q, 
A.i,  .  .  .  /q,  and  the  selected  correlatioii  coefficients  Piz->  ■  ■  ■  Pq-i.r  If  depends 
only  on  the  characters  before  selection. 

We  thus  have 


E  ( (;)n.  o-,. 


E  (rgj.  0-,, 


\ '"/ll'  I  '' V  .  1 

^^,n-  —  Jh,:  ~  1  p  y  .  ^  ««1  +  p  ,  .  '  -j-  .  .  .  + 

LE(c)„:  o-j  R(r)„o-o  E 


uq 


Now  the  system  .  .  .  a,„^  can  he  fmnd  from  (xli.),  since  a,,,,,,,  =  wliatever 

v!  and  n."  be. 
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Hence  we  have 


Jm-  +  cr,o-„ 


Si 


R  iv)p,  R  {u)p^  fsp 


+  s, 


/R  ('2  R  (  . 


R(  2;)ri;  E  (?<)„„/ 


Pj/p" 


Here  Sj  denotes  a  sum  from  =  1  to  j)  =  q,  and  S.,  a  sum  for  every  pair  of  values 
of  'p  and  p)"  out  of  1,  2,  ...  p. 

When  u  =  V  we  have  simply 


a 


CO  =  yco  +  crA  j  8^ 


E  {v)J 


cr, 


+  2S, 


R  {v)p,c  E  (rf 
,  (E(rH)~ 


'p'r 


SpiSp't 


rj‘i' 


It  only  remains  to  determine  y,„,  and  y,.,..  This  we  can  do  by  putting  all  the  sa 
zei‘0,  or  selecting’  our  q  organs  of  one  size  only.  We  see  at  once  that  y„i,  and  y^v  are 
the  values  of  and  a,,,.,  that  is,  of  S„X,.r,v„  and  when  we  select  q  organs  of 
definite  values  and  seek  the  correlation  and  the  variabilities  of  two  others,  the  w*‘‘  and 
the  These  values  have  already  been  found  on  p.  10.  Or  : 


—  y ur  —  o';,crj;lrv  (nr),,,./ 

2A:=y/:=  cr3(nr)„„/R((7). 


flii.). 


V  :^l—  2  — 


y,A  =  cr,,~R  (nr),,„/Tl  (p). 


The  notation  of  that  page  has  been  changed  so  that  11  (nr)  now  stands  for  the 
determinant 


12) 


^21)  1) 


13) 


■23) 


ly? 


P'l)  ^  /'2)  ^  //:!) 

I 

'  P'l)  ^  'i'2)  ^  Co) 


^  1«)  ^  U' 


•  ^  2'/)  ^  ’iW)  ^  ‘Zo 

•  ^  'Up  ^  'im  ^  'Ac 


I  I/O,  ^  qr 


1. 


^  /■,)  ^  CHI 


r„c 

1 


diii.). 


R(nr)„„  is  the  minor  corresponding  to  the  constituent  r,,,., ;  R  (ia’)„„,  the  minor 
corresponding  to  the  constituent  at  the  meet  of  the  column  and  if'-  row  ;  and 
R  (y)  the  determinant  with  the  last  two  rows  and  two  columns  struck  out. 

For  example  ; 
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7  =  1:  7„.  =  0-/(1  —  ?’i/)  y,,u  =  o-/(l  —  i\,r). 


y  uo 

= 

(T^CT-ff  (? 

•iVm), 

<1  =  2:  y,„ 

O'/  (1 

—  )•  2 

'  12 

—  ro„ 

^  + 

2r 

^oiy.Vo,);  ( 1  — 

y>iv 

cr/(l 

0 

-  ryf 

—  r,J 

—  r.,„ 

2^'Yp\>fl'2i^  /  (  1 

r.r), 

y.. 

cr„cr,.  ; 

r,;,  (d 

- 

-  r 

^’12 

v.2r  -T  ri„r 

n-)]/(d 

-  r,/), 

CO 

11 

o-„"  X 

1, 

rv2, 

^  (1  -  77.2 

V  ^ 

^3/  + 

^'’l2^’23'’3l) 

1, 

r-iz, 

Tor 

^V2? 

1, 

r-i,- 

1 

yvn 

rr: 

o-,/  X 

1, 

^'129 

ru, 

~  (I  -  rj.d 

0 

V:>o~ 

.-.0 

’Va'  + 

^^’l2'^2:d‘3l) 

^'•215 

1, 

^’2:59 

'^'2/1 

''bn 

1, 

n. 

r.,a^ 

^  Vf09 

1 

y„v 

o-,.cr„ 

1, 

'’l2> 

^*139 

-L  ( 1  -  ?7.d 

0 

-  - 

^  + 

‘^'’l2^'23’’3l) 

^215 

I, 

’^brs) 

^■:;o 

n2> 

1, 

r,„. 

.  (xliv.). 

W  e  can  now  collect  onr  complete  results. 

The  variability  of  a  non-select ed  organ  r  >  7  is  after  the  selection  of  7  organs 
given  l)y 


v  2 


(R  (t')r.)“ 


Pp'p' 


The  correlation  of  two  non-selected  organs  v  and  u  both  >  7  is  after  the  selection 
(T  7  organs  given  by 


(xlvi.). 


The  correlation  between  a  non-selected  organ  ii  >  7  and  a  selected  organ  t’  <  7  +  I 
is  given  by  (xli.)’^'^  or, 


c  ^  r  — 


I 


(xlvii.). 


*  The  expanded  A-alnes  of  these  determinants  are  given,  ‘  Phil.  Trans  A,  vol.  1S7,  p.  294. 

]) 


VOT..  CC. - A, 
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Here  in  8^  :  p  takes  every  value  from  1  to  rp  and  in  8^  :  p'  and  p'  every  possible  pair 
of  values  from  1  to  q.  Ecjuations  (xlv.)-(xlvii.)  fuJly  determine  all  the  recpiired 
quantities  and  form  the  fidl  solution  of  the  problem  of  selection.  Before  we  see  the 
remarkably  simple  forms  they  take  for  simpler  cases,  we  mav  draw  some  general 
conclusions  of  a  most  important  character. 

In  the  first  place  we  must  distinguish  l)etween  directly  selected  and  what  we 
have  termed  non-selected  organs.  It  would  he  better  to  term  the  latter  indireetlij 
selected  organs.  SujDpose  the  recruiting  sergeant  were  to  pay  attention  only  to 
stature  and  seek  to  form  a  regiment  of  men  of  ahout  5  feet  10  inches.  He  might 
have  a  real  range  of  stature  ahout  G  or  7  inches,  hut  he  woidd  strive  to  get  men 
of  ahout  this  height  from  the  population.  We  will  suppose  that  he  did  not  consider 
chest-lmeadth,  head-length,  foot-length,  hmgs  or  any  other  character.  The  distribu¬ 
tion  of  these  “  non-selected”  characters  in  the  regiment  would  not  he  the  .same  as  in 
tlie  general  population.  Their  means  would  liave  changed  by  (xxxvi.)  and  their 
variabilities  and  correlations  he  given  by  (xlv.)-(xlvii.).  In  other  words,  an  indirect 
selection  would  have  taken  place.  A  selection  by  stature  would  change  foot-length 
and  head-length  and  indeed  every  other  correlated  organ.  Much  the  same  result  must 
occur  in  natural  selection.  If  it  l)e  advantageous  for  a  .species  to  have  a  certain  group 
of  its  organs  of  definite  size,  falling  within  a  definite  range,  and  related  to  each  other 
in  a  definite  manner,  then  these  clianges  cannot  take  place  without  modifying  not  onlv 
the  size,  hut  the  varial^ility  and  correlation  of  all  the  other  organs  correlated  with  these, 
although  these  organs  themselves  be  not  directly  selected.  Practically  this  means 
all  the  other  organs,  for  so  far  one  can  hardly  say  with  certainty  that  we  have  come 
across  any  two  characters  in  an  organism  which  are  uncorrelated.  Many  of  those 
investigated  are  highly  correlated,  all  appear  to  liave  some  correlation,  even  if  it  he 
very  small  or  negative. 

M^e  may  therefore  conclude  as  follows : — 

(«)  The  selection  of  any  complex  of  characters  or  organs  in  an  organism  changes 
all  the  other  characters  and  organs  not  directly  selected. 

(G)  If  the  change  in  the  complex  l)e  continuous  and  progressive,  the  other 
characters  will  continue  to  he  modified  until  the  change  in  them  is  so  considerable 
that  selection  begins  to  act  directly  upon  them  also. 

(c)  The  changes  noted  here  are  not  confined  to  the  average  value  of  a  non- 
directly  selected  character  and  to  its  variability  ;  the  correlations  between  non-directly 
selected  characters  and  the  correlations  l)etween  directly  and  non-directly  selected 
characters  are  also  both  changed. 

(f/.)  If  local  races  have  been  produced  by  selection  from  a  common  stock,  it  will 
be  impossible  to  look  upon  correlation  as  a  criterion  for  species.  Every  selection  will 
modify  such  correlation,  and  it  has  no  greater  fixity  than  either  tyjDe  value  (mean) 
or  variability  (standard  devdation). 

The  whole  of  these  statements  will  I)ecome  more  manifest  as  we  apply  our  geneivd 
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tlieorem  to  special  cases,  but  we  must  note  that  if  two  organs  were  uncorrelated  with 
each  other,  it  still  might  be  possible  by  selecting  a  third,  or  a  third  and  fourth,  to 
jDi’oduce  correlation  between  them.  Further,  by  selection  of  one  or  more  organs,  two 
non-directly  selected  organs  can  have  their  existing  correlation  increased,  lessened  or 
even  chano;ed  in  sinn. 

(4.)  A  primary  difficulty  will  of  course  arise  in  the  case  of  natural  selection.  Flow 
are  we  to  determine  which  are  the  directly  and  which  are  the  indirectly  selected 
organs  ?  With  artificial  selection  by  man,  we  know  vdrich  organs  have  been  selected 
fairly  well ;  attention  has  been  paid  to  colour,  size,  proportion  of  parts,  &c.  Even  in 
the  case  of  the  medical  examination  of  the  recruit,  it  is  chest,  lungs,  heart,  stature, 
Ac.,  which  form  the  basis  of  the  acceptance  or  rejection.  If  the  head  or  foot  be  not 
absolutely  deformed,  little  if  aii}^  attention  is  paid  to  them,  so  with  hair-colour, 
probably  eye-colour,  and  a  mass  of  other  details.  No  doubt  the  direct  medical 
selection  indirectly  selects  these,  but  we  could  roughly  class  the  selected  and  non- 
selected  organs  or  characters  and  investigate  the  changes  in  the  correlations  of  the 
latter  owing  to  the  indirect  selection.  But  how  are  we  to  form  these  classes  in  the 
case  of  natural  selection  ? 

The  investigations  may  look  difficult,  and  even  tfom  the  standpoint  of  arithmetic 
appalling,  but  it  seems  to  me  that  the  differentiation  of  organs  into  directly  and 
indirectly  selected  classes  is  the  keynote  to  the  problem  of  evolution  by  natural 
selection. 

Let  us  look  at  a  simple  case  and  see  whether  it  will  throw  any  light  on  the 
problem  of  distinguishing  between  directly  and  indirectly  selected  organs.  Suppose  we 
have  two  organs  only,  with  means  rn.^,  standard  deviations  o-j,  (Xo,  correlation 
and  let  the  first  l^e  selected  so  as  to  have  a  mean  value  riii  fi-  A],,  and  standard 
deviation  Let  No  1)e  the  standard  deviation  of  the  second  organ  and  140  the 
correlation  of  the  two  organs  after  selection,  and  +  .vb  the  mean  of  the  non- 
selected  organ. 

Then  by  (xxxii.)  : 

X  -2  —  740  —  h 

°’i 

and  it  will  be  shown  later  (see  p.  23)  that 


and 

Hence  Ave  have  : 


N,44.. 


cr.,  —  r,o. 
~  cr. 


V 
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Ill  otlier  words  the  regression  coefficient  of  the  non-selected  organ  on  the  selected 
remains  unchanged,  wliile  that  of  the  selected  organ  on  the  non-selected  will,  as  a 
rule,  be  widely  modified. 

Further,  let  be  the  mean  value  of  the  second  organ  before  selection  corresjionding 
to  a  value  of  the  first;  let  and  Mo  he  the  means  of  the  organs  after  selection, 
and  Yo  he  the  mean  value  of  tlie  second  organ  corresponding  to  a  value  Kj  of  the 
first.  Then  the  equation  to  tlie  regression  line  before  selection  is 


^-2  I  r  I  ^2 

A..1  —  v’l.-,  —  Jtii  -p  ''/a.i  —  '?’]  —  aq, 
-  0-1  -  0-1 


and  after  selection  it  is 


Y„  =  n-o  ^  Ki  -F  M.,  ~  iq.,  Ml, 

1..  s,  ~  §1  ‘ 

Ki  +  nq  -F  I’jo  —  /q  —  /'lo  —  (nq  -|-  /q), 
0-1 

_  ^2  Tr  I  ^2 

—  ^*10  —  I  —  ^*12  —  ^^^1* 


cr.i 


cr., 


cr, 


But  tills  is  identically  the  same  line  as  the  regression  line  before  selection.  Hence 
not  only  the  slope  (regression  coefficient)  of  the  line,  but  its  position  is  identical,  and 
we  have  the  following  result  : — ■ 

If  two  local  races  have  been  evolved  from  a  single  stock  by  the  selection  in  different 
ways  of  one  organ  only,  then  the  regression  lines  for  the  two  races  of  any  non-directly 
selected  organ  on  the  directly  selected  organ  'ivill  be  the  same  in  direction  and  position; 
but  the  regression  lines  of  the  selected  organ  on  any  non-selected  organ  will  differ  for 
the  two  races.'^ 

( )f  course  the  means,  standard  deviations  and  correlations,  not  only  of  the  selected 
organ  but  of  all  the  non-selected  organs  also,  will  })rohahly  have  changed.  It  is  only 
certain  of  the  I'egression  lines  which  remain  unchanged  and  serve  as  a  criterion  to 
enable  us  to  distinguish  between  directly  and  non-directly  selected  organs. 

Of  course  the  pi'olrlem  in  Nature  will  not  be  as  simple  as  this,  for  difierentiation  of 
the  two  local  races  may  have  arisen  from  the  selection  of  more  than  one  organ,  or 
may  have  arisen  fi'om  the  selection  of  two  difierent  organs,  hut  the  illustration  will, 
1  think,  indicate  the  nature  of  the  investigation  we  are  proposing. 

We  can  easily  generalise  our  tlieorem  by  considering  the  form  of  the  selection 
surface  given  on  p.  12.  Any  result  obtained  from  (xxxv. )  whicli  does  not  involve  any 

of  the  c’s  will  he  a  result  unattected  by  the  selection  that  has  gone  on.  Now  to 
obtain  a  regression  eipiatlon  we  })ut  any  num1)er  of  tlie  Fs  equal  to  constants,  to  A’s 

*  The  geometrical  iiiterjiretatiou  in  this  simple  case  that  the  regression  line  is  unchanged  is  quite 
obvious,  and,  indeed,  may  serve  as  a  proof. 
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say,  and  find  the  “  centre  ”  of  the  quadric  of  the  remaining  xs,  the  co-ordinates  of 
this  centre,  expressed  in  terms  of  the  h’s,  are  tiie  regression  equations.  Now  it  will  bo 
clear,  that  if  we  })ut  all  the  selected  x’s  equal  to  Iis,  the  dilferentials  of  the  (juadric 

with  regard  to  the  remaininp’  or  non-selected  a;’s  can  contain  no  o’s  or  the  coefficients 
of  the  regression  equations  thus  found  will  not  he  modified  by  selection. 

Further,  we  might  have  given  not  only  the  selected  organs,  but  any  number  of  the 
non-selected  organs  constant  values,  and  the  resulting  regression  equations  would 

involve  only  the  c’s  and  not  the  c’s. 

Hence  we  have  the  following  general  theorems  :  — 

(i.)  If  an  organ  has  been  modified  only  by  indirect  selection,  then  its  y)Cf'>'tial 
regression  coefficients  on  any  complex  of  other  organs,  hoivever  large  or  small, provided 
it  includes  all  the  directly  selected  organs,  will  remain  unchanged  by  the  selection. 

(ii.)  The  same  organ  in  two  different  local  races  which  have  been  derived  from  a 
common  stock  by  the  selection  of  two  cornghexes  of  organs,  some  of  ivhich  may  or  may 
not  be  common,  will,  if  it  has  not  been  directly  selected  in  either  case,  give  the  same 
partial  regression  coefficients  for  any  group  of  organs  ivhich  includes  the  members  of 
both  complexes  and,  any  number  of  non-directly  selected,  organs  besides. 

If  the  partial  regression  etpiatlons  liave  changed  coefficients,  then  we  cannot  at 
once  determine  whether — 

(a)  We  are  dealing  with  a  non-directly  selected  (jrgan,  and  have  not  included  all 
the  directly  selected  organs  in  the  gi'oup  upon  which  we  are  calculating  the  I'egres- 
sion  ;  or 

(b)  We  are  really  dealing  with  a  directly  selected  organ.  In  this  case,  we  have 
also  certainly  not  included  at  least  one  directly  selected  organ  in  the  regression 
group. 

Theoretically,  however,  (1.)  and  (ii.)  suffice  to  find  out  which,  if  any,  are  tlie  non- 
directly  selected  organs  in  the  diffierentiation  of  local  races.  Practically,  however, 
the  number  of  organs  and  characters  may  be  so  great,  and  our  ignorance  of  those 
probably  selected  so  complete,  that  the  arithmetic  of  determining  so  extensive  a 
series  of  partial  regression  coefficients  may  be  quite  beyond  our  ]jowers.  Still,  where 
the  divergence  between  local  races  is  not  too  great,  and  the  source  of  the  differentia¬ 
tion  not  too  obscure,  it  is  pr(d)ahle  that  the  aljove  tlieorems  will  lead  to  results  of 
great  interest.* 

Without  laying  too  great  weight  on  these  theorems,  I  would  still  venture  to 
suggest  that  if  the  criterion  of  a  species  be  tlie  discovery  of  any  numerical  constant 

*  Mr.  L.  Bramley-Moore  has  working  with  this  end  in  view  at  the  long-bones  in  man.  But 
even  here  the  direct  selection  of  jjarts  of  the  vertebral  column — for  which,  at  jjresent,  we  have  no  correla¬ 
tion  values  either  among  themselves  or  with  the  long-bones — and  of  the  hand  and  foot,  which 
Dr.  W.  R.  Macuonelt.  has  just  shown,  are  very  highly  correlated  with  the  long-bones,  may  render 
nugatory  all  attempt  to  ascertain  which,  if  any,  long-bone  has  been 'only  indirectly,  or,  at  any  rate,  least 
directly  selected. 
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or  group  of  constants,  which  is  tlie  same  for  all  local  races,  then  these  constants  must 
not  be  sought  in  the  values  of  mean  characters,  degrees  of  variability,  or  of  correlation, 
but  in  a  system  of  partial  regression  coefficients,  and  the  discovery  of  these  is  therefore 
of  first  class  biological  importance  ;  it  is  the  classification  of  the  characters  into  directly 
and  non-directly  selected  groups,  be.,  it  is  the  discovery  of  the  modus  operaudi  of  the 
factors  by  v^hich  the  differentiation  has  taken  juace.  We  are  a  long  way  from 
solution  yet,  but  we  may  venture,  perhaps,  to  admit  a  faint  giimmer  of  light  in  the 
direction  of  what  might  seem  the  culminating  jjroblem  of  the  mathematical  method 
as  applied  to  evolution — the  piecing  together  by  quantitative  analysis  of  the  stages  of 
descent. 

(5.)  I  will  take  now  the  application  of  the  above  results  to  simple  cases  ;  but  for  the 
l^enefit  of  those  who  cannot  easily  follow  the  main  principles  of  our  investigation 
through  the  stages  of  determinant  analysis,  I  Avill  prove  directly  the  proj^osition  that  ; 
the  selection  of  an  organ  A  alters  the  mean  and  variability  of  a  correlated  oi'gan  B, 
a.nd  also  the  correlation  between  A  and  B. 

Let  the  correlation  surface  for  the  tAvo  organs  be 


N 


iircT 


lO-o  Al  —  rf 


- _ A —  - 


o-iO-.,(I-/-,o-)  a-.i 


AA^iere  N  is  the  number  of  individuals  in  the  general  population  before  selection,  and 
the  subscripts  1  and  2  refer  to  the  organs  A  and  B  respectiA^ely. 

liOt  the  distribution  of  the  population  after  selection  of  the  A  oi-gan  be 


.u, -/<,)- 


iir  s, 


AA'here  N  —  )i  is  the  total  destructi(m,  /q  the  mean  and  6’j  the  A'-ariahility  of  the 
})opulation  AAuth  regard  to  A  after  selection.  Before  selection  this  distribution  AA’as 


= 


\/2 


N  -iil 

e  . 


TTO', 


Hence,  the  selection  being  random  AAuth  regard  to  the  array  of  B’s  corresponding  to 
any  A,  ^ve  have  for  the  surface  after  selection 

Z  =  .  X 

lor  each  array  must  be  altered  in  tlie  lutio  of  the  corresponding  z'  to  z^ 

This  uiA'Cs  for  the  surface  in  full 


Z=r 


n 

27rcr.-,.s 


o/l 


expt.  + 


h‘'T‘'T 


o-q  (1  —  rf))  (1  —  •ri2'-) 

1 


“k  >^’2”  .1 


-w) 


.  (xlviii.). 
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Integrate  this  for  every  possible  value  of  and  we  shall  have  the  distriliution  Ao  and 
6“o  of  X.2  or  B  after  the  selection  of  A.  After  some  reductions  we  find  for  the  frequency 


wliere 


n 

\'  'lir'l:, 


(xlix.), 


which  gives  the  standard  deviation  of  the  indirectly  selected  organ,  and  tlie 
of  this  organ  is  given  hy 


“  centre  ” 


(U 


These  are  special  cases  of  our  results  (xlv.)  and  (xxxvi.)  above  respectively. 

Further,  returning  to  the  correlation  surface  (xlviii.),  the  coefficient  of  correlation 
Tjo  is  the  coefficient  of  x^x,^  divided  by  the  product  of  the  coefficients  of  x^  and  xj. 
Hence  we  find 


r 


1-2  — 


(li.). 


Let  r^.2  =  sin  =  sin  fi^en  we  have 


tan  (f)^2 


-  tan  0^., 


(lii.) 


This  shows  us  that  decreases  with  s^,  or  that  iq.j  decreases  with  s^,  that  is  to  say, 
the  more  intense  the  selection  the  less  is  the  correlation.  This  in  broad  terms 
demonstrates  the  general  principle  that  intensity  of  selection  connotes  a  lessening  of 
correlation.  It  is  this  principle  which  very  possibly  accounts  for  the  fact  that  the 
more  civilized  races  of  man  appear  to  be  not  only  more  variable  but  more  higldv 
correlated  than  the  less  civilized,  among  whom  the  struggle  for  existence  is  more 
intense.  It  may,  perhaps,  also  account  for  the  skeletons  of  women  of  the  civilized 
races  having  their  parts  more  highly  correlated  than  the  parts  of  those  of  men."^ 
Lastly,  it  may  well  throw  some  light  on  the  markedly  plastic  character  of  races 
which  have  been  stringently  selected  with  regard  to  one  or  a  few  organs  only. 

As  an  illustration,  suppose  that  the  correlation  between  femur  and  tibia  were  7, 
and  let  us  investigate  what  would  be  the  effect  of  reducing  the  variability  of  the  til)ia 
by  direct  selection  50  per  cent.  Vbe  find  at  once  on  substituting  sjcr^  =  ‘5  and 
?q,T  =  7  in  (li.)  above  that  iq.j  =  ‘44,  or  a  reduction  of  about  37  per  cent.  This  will, 
perhaps,  be  sufficient  to  indicate  what  immense  changes  must  be  made  in  the 
correlation  of  highly  correlated  organs  whenever  selection,  artificial  or  natural,  is 
stringent.  It  is  important  to  notice  that  the  change  in  the  .size  of  the  organ  in  no 
*  See  Lee  and  Peaesox,  ‘  Roy.  Soc.  Proc.,’  vol.  61,  p.  .354 ;  and  Lee,  ‘Phii.  Trans.,’  A,  vol.  196,  p.  231. 
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way  influences  the  change  in  tiie  correlation  between  organs,  if  the  distribution  he 
normal,'"'  the  change  depends  only  on  the  stringency  of  the  selection.  Breeders  who 
select  by  the  size  of  an  organ  only  are  in  that  case  very  likely  to  reduce  the  variability 
of  the  organ  in  the  selected  group  l)y  far  more  than  50  per  cent.  Accordingly,  it  is 
not  to  he  wondered  at  if  they,  to  a  great  extent,  destroy  the  correlation  between  the 
selected  organ  and  other  organs.  Tliis  destruction  would  appear  as  a  want  of  relation¬ 
ship  l)etween  parts,  possihlv  as  a  want  of  flxity  in  type. 

By  means  of  ecpiation  (lii.)  can  easily  be  found  from  ;’,2  and  f)  =  Sj/ctj.  All  we  need 
is  a  table  of  trigonometrical  functions.  We  observe  that  is  always  of  the  same 
sign  and  less  tlian  For  many  biological  purposes  the  following  graphical  con¬ 

struction  gives  quite  sufficiently  accurate  residts.  Let  CAB  be  a  quadrant,  say  of 
10  centims.  radius,  and  take  tl)e  ])oint  P  on  this  quadrant  distant  PN  =  Ihrj.i 


from  AB. 


Take  QN  = 

V 


PN,  and  let  AQ  meet  the  quadrant  in  B,  then  BM  tlie 


distance  of  B  fi'om  AB  =  lOiq^,  and  consequently  determines  iq^.  If  the  figure  he 
drawn  on  decimal  paper  tlie  determination  of  iq.i  is  peculiarly  easy. 


Graphical  method  of  finding  correlation  between  organs  A  and  B  after  selection  has  acted  on  A. 


ri.>  =  Ri2  =  BM  =  ‘44,  as  before.  See  p.  23. 


* 


It  will  do  so  if  the  di.stribntion  be  skew,  see  ‘Phil,  Trans.,’  A,  vol.  191,  p.  231. 
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Further,  taking  AP  as  our  unit,  AN'  =  I  —  and  QN^ 
from  (Ixix.)  : 

s/  =  ct/  (AN^  +  QN^)  =  cr/AQ‘1 


/’j.P  X  Hence, 


Therefore  if  Acr^  in  the  diagram  be  taken  equal  to  and  QNj  be  drawn  parallel 
to  PcTj,  we  shall  have  AS^  =  Ng,  or  we  can  scale  off  the  reduced  variability. 

Thus  the  diagram  enables  us  to  see  at  a  glance  the  reduction  in  correlation  and 
variability. 

(6.)  Let  us  now  write  down  the  results  when  an  organ  A  is  selected  out  of  a  group 
of  three  organs.  A,  B,  C,  whose  constants  are  marked  by  the  subscripts  1.  2,  3, 
respectively.  Let  =  s^/a-i,  and  be  represented,  when  required,  by  cos  Xi-  Then 
we  find  from  (xlv.)  (xlvii.)  : 


V 


II 

^2 

-  (1  - 

\ 

—  (  1  — 

/^i 

\  ^ 

\ 

0-.J 


rig'^  \  =  0-3  { 1  —  siiF  xi 


13i 


cos  Xi  cos  $^2 


^13  {!_(!_  _  silP  cos^  0,, 

 COS  Xl  cos  ^^3 


La  — 


{1  -  (1  -  _  gpp  cos2 


]3 


1*23  — 


('’23  Ls"'’i2)  (1  o )  +  2  q 


cr. 


_  cos  6^23  4-  siid  Xi  cos  0^.;^  cos 

\/(l  —  siid  Xi  COS'  ^12)  (1  ~  ^hd  Xi  cos^  0^^) 

where,  as  before,  we  write  =  cos  0j,j.  Let  us  also  write  =  cos  and 

sin  Xi  cos  0^.2  =  cos  cqo’  Xi  ^13  =  ^^i3- 

Then  we  can  replace  the  above  results  by 

=  cTg  sin  a^o, 
cos  0^3  =  cot  Xi  cot  cqo, 

cos  ^23  —  cos  fl,2  COS 


S3  =  0-3  sin  cqg, 

cos  0^3  =  cot  Xi  cot  fqg. 


cos  0.,..  = 


VOL.  CC. — A. 


Sin  sin  «i3 
E 


(liii.). 


(hv.). 


(Iv.). 


(Ivi.), 


(Ivii.). 
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These  equations  admit  of  easy  interpretation  by  spherical  geometry. 

P 


Let  P  ]je  the  })ole  of  the  great  circle  DEFG.  Take  DG  =  6^^,  DE  =  GF  = 
Join  P  to  E  and  F  ;  let  the  small  circle  of  radius  round  P  meet  PD,  PE,  PF, 
and  PG  in  d,  e,  f,  g  resj)ectively.  Draw  the  arcs  De  and  G/i  Let  the  small  circles 
with  centres  D  and  G  and  radii  Dc  and  Gf  respectively  meet  in  Q.  Join  DQ  and  GQ. 
Then  the  quantities  required  are  : 

=  sin  DQ,  GQ. 

cos  DcE,  I'ls  =  cos  Jy’G,  U3  =  cos  DQG. 


For  DE  =  0,,,  Ee  =  -  Xi,  L  DEe  =  y  ; 

hence  ;  cos  Dc  =  cos  6^^  cos  Ec  =  sin  Xi  cos  =  cos  cqo,  or  cq^  =  De  ; 


TT 


similarly  tqg  =  Gf. 

Next,  cos  DeE  — cot  De  tan  eE  =  cot  cot  Xi,  or  l_^  DeE  =  023 ;  similarly  <  F /G  =  0i3. 
Lastly,  from  the  triangle  DQG  :  DQ  =  cq,,  QG  =  eqg,  and  DG  =  ^03) 

cos  DG  =  cos  DQ  cos  QG  +  sin  DQ  sin  QG  cos  DQG, 


or. 


 cus  ^03  -  cus  cj. 


cos  rt. 


cos  023 ;  or  i__  DQG  =  003. 


Thus  all  the  relations  can  be  expressed  in  terms  of  the  sides  and  angles  of  a  simple 
system  of  s})herical  triangles.  For  the  degree  of  accuracy  generally  possible  in 
biol(,»gical  and  sociological  investigations  these  triangles  can  be  solved  by  a  spherical 
trigononietei',  such  as  that  sold  by  Kreidl,  of  Prague."^'  The  changes,  however, 
■whicli  r23  undergoes  for  various  values  of  are,  indeed,  lar  more  difficult 

to  appreciate  as  a  whole  than  those  of  Vjo  or  iqg.  In  order  that  they  may  be  follov'ed 
easily,  and  in  order  to  solve  directly  to  a  degree  of  approximation  sufficient  for  many 
practical  purposes  problems  in  the  influence  of  selection  on  ccu'relation,  my  assistant, 
Dr.  L.  N.  G.  Filon,  has  kindly  drawn  u|»  the  tables  which  accompany  this  memoir. 

*  It  will  suffice  fairly  well  for  all  1)Ut  a  few  special  ^•alues  of  Vi^,  r-ss,  /'si. 
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Of  course  to  bring  them  within  any  reasonable  compass  we  have  had  to  limit  the 
values  taken.  In  the  first  place  we  have  considered  only  eleven  grades  of  select i^'e 
stringency  given  l)y 

5j/o-i  =  0,  l/IO,  2/10,  3/10,  4/10,  5/10,  6/10,  7/10,  8/10,  9/10,  1, 


the  corresponding  values  of  ro3  in  tlie  tables  are  entered  as 


TIO)  Tto,  Pv.3,  11^,  I1-,  ll(j,  Ry,  Rg,  R;„  Ri^q. 


The  tables  are  calculated  for  both  positive  and  negative,  hut  and  are 
always  supposed  positive.  If  and  ^’^g  ])e  both  nerjative,  then  r^g  will  1)e  the  same 
as  if  they  were  both  positive.  If  'y’jo  and  he  of  opposite  signs,  then  all  we  have 
to  do  is  to  look  out  r^g  in  the  table  in  which  ng  lias  a  sign  the  reverse  of  its  actual 
value,  and  having  found  the  corresponding  value  of  v.^g,  then  change  its  sign  to  obtain 
the  actual  coefficient  of  correlation  after  selection.  This  follows,  if  ^  ^g  he  the 
negative  coefficient,  by  writing  : 


1*23  — 


^’23  “t  ^’13^42  sill" 


\/  { 1  -  siiP  }  { 1  -  rj  sin2  { 1  -  giiP  ^ }  { 1  _  ( _  giiP  ’ 


Lastly,  it  would  clearly  he  very  laborious  to  tabulate  1*03  for  a  very  great  series  of 
values  of  r,2,  I’jg,  'i\^.  Accordingly  a  selection  had  to  be  made  of  these  coefficients  of 
correlation.  They  were  given  the  values  0,  ’25,  ‘5,  ‘75,  and  1.  These  may  he  spoken 
of  as  zero,  small,  medium,  large,  and  perfect  correlations,  and  the  ranges  0  to  '25, 
•25  to  ‘5,  ‘5  to  '75,  and  '75  to  1,  as  the  ranges  of  little,  moderate,  considerable,  and 
high  correlation  respectively.  There  would  thus  appear  to  he  15  combinations  of  values 
for  rj2,  I’jg ;  these  are  given  in  the  key  to  the  tables  as  (a),  [h),  (c),  {d) . . .  (to),  (n),  (p), 
see  p.  63.  If  these  15  values  had  to  be  combined  with  the  10  values  (5  positive 
and  5  negative)  of  rog  and  the  11  values  of  we  should  have  1650  entries  in  our 

tables.  But  this  number  is  much  reduced  by  the  consideration  that  the  expression 
1  —  +  2r23rjg7’^3  has  for  the  real  correlation  of  three  characters  to  lie 

always  positive,  v^g  can  also  never  he  greater  than  unity.  Accordingly  all  values  of 
■J'gg,  ?’i3,  which  do  not  satisfy  these  conditions,  have  been  excluded  from  the  tables  ; 
they  cannot  arise  in  nature.  A  few  impossilde  values  of  Gg  have  been  included  in 
the  tables,  but  these  are  placed  there  solely  for  the  purpose  of  finding  by  interpolation 
values  of  igg,  which  are  less  than  unity.  The  following  pwrc/p  hypothetical  illustrations 
of  formula  (Ivi.)  and  the  tables  will  serve  to  indicate  their  use. 

Illustration  I. — Suppose  the  correlation  of  tiliia  and  femur  with  each  other  to  he 
•8,  and  of  both  with  the  stature  to  be  ‘6.  How  would  their  correlation  l)e  altered  if 
the  variation  in  stature  were  reduced  l)y  selection  to  half  its  present  value  ? 

Let  Si/o-j  =  /x^  as  before,  and  suppose  Vog  =  R  ;  then  let  /x^,  r^g,  r^g  l)e  the  values 
of  the  constants  next  helom  the  required  values  occurring  in  the  tables,  and  giving 

E  2 
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^23  =  Pi ;  let  Pi'  Ije  tlie  true  value  of  r^o,  corresponding  to  the  values  /Xj  +  S/Xj,  7’^,  "h 
7’j3  +  Sr^g,  ?’o3  +  S^’no.  Thus  we  have,  as  far  as  first  differences  : 

Pd  =  Pi  -P  10  (A^Pl)  Spi  +  4  {(A,-j„Pl)  87’g2  +  (A;.^Pl)  S7’i3  +  (A;.^E)  S7’23]. 

In  our  case  /Xj  =  3%,  7’i3  =  ‘5,  7-53  =  '5,  7  23  =:  ‘75,  =  '05,  S7’33  =  S7’;^3  =  '1, 

S^’og  =  '05.  Further,  we  look  uj)  Table  IV.  (a),  and  the  nearest  case  is  (j)  under  P25 
which  gives  P  =  ’67 105,  We  then  see  that  (A,.j^Pi)  +  (A^-^^Pi)  =  difference  between 
(j)  and  (/w)  cases  =  —  '21455  ;  (A,.^R)  =  difference  between  result  in  IV.  (a)  and 
Ah  (a)  =  '32895  ;  and  lastly  (A^^R)  =  difference  between  Eg  and  E2  columns  of  (j) 
row  of  Table  lAh  (a)  =  '00535,  Thus  we  find  : 

E'  =  '671050  +  '002675  -  '04291  +  '06578  =  '6966. 

The  value  by  straightforward  calculation  of  formula  (Ivi.)  is  *6981,  the  two  results 
giving  substantially  the  same  value  '7.  Thus  we  see  that  such  a  selection  would 
reduce  the  correlation  of  tibia  and  femur  by  12 '5  per  cent. 

Illustration  {1I-). — Suppose  the  correlation  of  humerus  and  femur  to  he  '5,  and  of 
those  with  stature  to  '7  and  '8  respectively.  How  would  the  correlation  of  humerus 
and  femur  he  modified  by  a  selection  of  stature  given  by  Si/cti  =  '5  ? 

In  this  case,  /lX]  =  ‘5,  7*13  =  *5,  7’]3  =  '75,  7*23  =  '5,  S/Xj  =  0,  87*^2  =  *2,  87*33  — 

87-23  =  0.  AVe  turn  to  Table  III.  (a)  and  take  out  {h)  under  Eg,  which  gives  us 

Pi  =  '3192.  We  have  A;.j^R  =  —  '1841  and  A;.j^R  =  —  '04185,  whence  we  find 
IT  =  *1636,  but  the  differences  of  the  table  are  too  great  at  this  point  for  the 
result  to  be  very  trustworthy."^'  Suppose  we  take  /x^  and  7*33  as  before,  but  7*32  =  '75, 
7-|3  =  '75,  and  therefore  R,  to  he  found  from  {m),  —  '1351  ;  then  87*33  =  — 

S7'33  =  *05  and  A^^^E  =  —  *1841  as  before,  A^-^^R  =  —  *2995.  Hence  we  deduce 
Pi' =  *1120.  The  mean  of  these  two  values  of  E'  is  '1377,  and  the  true  value 
calculated  from  (Ivi.)  is  E'  =  '1395.  Taking  '14  for  the  practical  value,  we  see  that 
tlie  correlation  of  humerus  and  femur  has  been  reduced  by  this  comparatively 
moderate  selection  of  stature  upwards  of  70  per  cent. ! 

Illustration  {HI). — Suppose  a  case  in  which  humerus  and  femur  were  not  correlated, 
l)ut  that  lioth  were  correlated  '7  with  stature.  What  would  be  the  effect  of 

selecting  stature  with  the  same  intensity,  i.e.,  sJcti  —  '51 

Our  best  results  from  the  tables  will  he  to  take  Eg  {m)  from  Table  I.  («■),  which 
gives  E  =  —  '7297.  We  have  then  7*33  =  7*33  =  '75,  hence  87*^3=  —  '05,  87*53=  ~  T5. 
A,.j,Pi  is  to  he  found  from  {m)  and  {h)  and  =  —  '3193  =  A,3^R,  and 

E'  =  -  '7297  +  (A.3  E)  87*52  +  (A^g^E)  87*53, 

=  -  '7297  +  -1277  ==  -  '6.020. 

The  actual  value  by  formula  is  —  '5810. 

*  Second  differences  onglit  to  be  used,  and  the  process  indicated  is  practically  equivalent  to  using 
them, 
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Now  this  again  is  a  remarkable  result;  by  selecting  an  organ  correlated  with 
two  others,  neither  of  which  are  correlated  with  each  other,  we  have  produced  a 
considerable  correlation,  and  what  is  more,  one  of  a  negative  sign. 

In  other  words,  if  humerus  and  femur  were  unrelated  to  each  other,  but  were 
related  to  stature,  then  a  selection  of  stature  would  result  in  men  of  long  femur 
havino’  a  short  humerus,  and  vice  versd. 

Illusti'ation  IV. — Suppose  the  correlation  between  greatest  length  and  breadth 
of  the  skull  to  he  '25,  and  between  both  and  the  auricular  height  to  be  '5.  Now  let  a 

stringent  selection,  —  =  of  height  take  place.  What  modification  will  there 

be  of  the  length  and  breadth  correlation  ? 

Table  II.  (o),  case  (j)  gives  us  at  once  the  result — 

tog  =  ’0033. 

In  other  words,  the  correlation  between  length  and  breadth  would  be  sensibly 
destroyed  by  such  a  selection.  Thus  correlation  can  be  created  or  destroyed  or 
reversed  by  selection. 

■  The  above  illustrations,  hypothetical  though  they  may  be,  will  suffice  to  indicate 
how  entirely  dependent  correlation  is  upon  selection.  W e  must  look  upon  coefficients 
of  correlation,  in  fact,  as  just  as  much  the  outcome  of  selection  as  coefficients  of 
variation,  standard-deviations,  or  even  the  mean  size  of  organs.  No  selection  can 
take  place,  in  the  sense  in  which  it  has  usually  been  understood  to  take  place — i.e., 
by  a  change  of  mean  and  of  variability,  without  at  the  same  time  the  means, 
variabilities  and  the  correlations  of  all  correlated,  but  not  directly  selected,  organs 
being  varied.  This  is  true  whether  the  non-selected  organs  be  initially  correlated  or 
not  among  themselves.  We  must  always  bear  in  mind  this  all-important  funda¬ 
mental  conception,  that  natural  or  artificial  selection,  or  even  random  sampling,  are 
in  themselves  active  factors  in  the  modification  [i.e.,  creation,  destruction,  or  reversal) 
of  correlation.  Thus  not  only  is  the  impossibility  of  the  constancy  of  correlation 
for  local  races  obvious,  but  the  primary  importance  of  insuring  that  our  samples  are 
representative,  and  not  accidentally  selected  samples,  in  all  observations  or  experiments 
on  heredity,  homotyposis,  or  organic  correlation  becomes  more  and  more  manifest. 
We  must  not  lay  too  much  stress  on  two  heredity  constants— differing,  for  example,  by 
more  than  the  probable  error  of  their  difference — unless  we  are  convinced,  which 
practically  it  will  be  difficult  to  l^e,  that  all  modification  of  correlation  by  unin¬ 
tentional  and  unmarked  selection  has  really  been  avoided. 

(7.)  Let  us  now  take  the  next  most  simple  case.  TfA,  B,  C,  D  he  four  mutually 
correlated  organs  [in  either  the  same  or  different  individuals),  and  a  selection  tahe 
place  of  A  and  B,  to  find  the  changes  in  the  characters  ofi  the  non-selected 
organs. 


;30 


PROFESSOE  K.  PEARROX  OX  THE  IXFLUEXCE  OF  XATHRAL 


Let  subscripts  I,  2,  3,  4  mark  the  organs  A,  B,  C,  D  respectively;  let  h^,  ho, 
s^.  So,  pyo  be  the  constants  whicli  determine  the  selection  of  A  and  B;  and  let  us 
apply  (xlv.)  to  (xlvii.).  Here  the  coefficients  will  be  obtained  from  the  set  for  q  =  2 
in  (xxxiii.)  and  (xliv.).  Hence  we  find  : 


3 

^3 


=  (To 


1  —  '>'n  —  O.s"  ~  ’’9/  +  2r,3r 


23 


'  12'  13'  23 


1  - 


O3  A3O2 

1  -  ^12' 


( 


+ 


•^1 Y  1  f'^'23  03A2Y  /  ^2  Y 

+  [T^I  [<rj 

)  ^’l3  '^’23^2  ^23  '^13^2  ^1%  1  /'K-Ri'  ^ 


2  _  2  [  ^  02“  OF  ~  '^’24”  +  I  I  t  '24'12\  /  '"1 


^  O  ' 

=  0-4 


1  -  r,. 


+ 


12 


q*  \  ^  /  Q  \  ^ 
'11  '  01'  10  \  /  ot 


1  -  nF 

I  o  _  ’*’14  ~  '^’24''’l2  ’’24  ~  ’’l4’’l2  1 

^'S4  (^-  '^42~)  '^'l304  ^’23^^"24  ~t  O2  24  L  ^^'l  p’23) 


1  - 


12 


+ 


r  —  V  T  \2  /  s  \2 
'24  14'  12  ^  /  ^2 


1  —  'l\o~  j  \  CTo 


.  (hx.). 


+ 


'13 


^’23^’l2  '^’U  “  '^’24"'’l2  /  h 


].  -  f 


12 


1  ’’12"  \ 


+ 


^23  03^12  A4  ^1402 

1  -  rj  1  - 


+  di2 


/O3  “  '^’230; 

!  ^’24 

"■  ’’l4^’l2  1 

’’14  -  ’’24’’l2  ’’ 

23  03^'l2  \ 

hh  1 

( 

\  1  -  02= 

1 

2  + 

'12 

1  - 

1  -  02=  J 

^1^2  J  * 

•  \ 

93 


'^2"d  24 


=  «lO-3 


,910-4 


=  8o(To 


=  *’2^4 


'^’13  ^’l2’’23  '^1 


'  23 


1  _  2 

'12 

O’! 

1 

'’14  ”  ''’l2'’24 

0 

1  '24 

1  -  riF 

<^1 

+  1 

Os  '’12O3 

'^2 

1  ’’l3 

1  -  '-12= 

O-o 

+  1 

O4  ~  ''’l2^’l4 

So 

1  ^’l4 

1  -  '12= 

(To 

+  1 

?’ior 13  So 

AT 


'12' 23 


-}■ 

0-1  J 


•  • 


•  (Ixi.). 

(Ixii.). 

(Ixiii.). 

(Ixiv.). 


Finally,  for  the  change  of  means  of  the  non-directly  selected  organs,  we  have  : 


X  o  = 


^13  ^12^23  ^7  I  ^23  ^12^13  ^ 

1  o  '^1  T*  1  o 

1  (X^  1  O'; 


X. 


_  O4  "'’l2'^’24  °’4  7,  I  ’’24  O2O4  7, 

—  1  o  ”1  I  1  o  'R 

-L  '/  0*1  X  O',-) 


(Ixv.). 

(Ixvi.). 


If  we  write  (Ixv.)  and  (Ixvi.)  in  the  form — 
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^3  —  ^13 
^  1.  ~  /^li 


o■^ 


H"  ^33  ‘^^^3 


h  -f  'h 

(Tc) 


1 

I 

I'  • 

J 


.  (Ixvii.), 


the  ^6“  are  the  partial  regression  coeilicieiits,  and  the  whole  solution  can  be  expressed 
in  terms  of  them.  Thus  : 


X  3 

-3 


=  O-3M  1  -  ^I3^‘l3  —  A3^’33  +  As"  (  ^  )  +  A3"  (  —  )  +  -dl3^13A3  ~5  \‘  (Ixviii.) 


"^  ^±^31,  —  O's^r  1  '^31  /^13'^’ir  A3'^’31'  a  ^13/^U  (  ~  )  A  A3/^3J' 


+  f»13  (A3A4  +  A3^u) 


SiSj 


(Ixix.). 


—  '^‘1^3  1  ^13  ^  P13A3 


(Ixx.). 


Thus  the  whole  series  of  results  can  be  easily  calculated,  if  the  regression  coefficients 
are  first  calculated. 

I  may  make  some  remarks  upon  these  results.  A  formula  equivalent  to  (Ixviii.) 
was  first  given  by  me  in  my  memoir  on  “Heredity,  Panmixia,  and  Regression” 
(‘Phil.  Trans.’  A,  vol.  187,  i^.  303),  and  used  for  certain  problems  of  inheritance,  and 
conclusions  drawn  from  (Ixix.)  or  (Ixx.)  have  been  cited  or  indicated  in  other 
memoirs. 

Some  interesting  results  follow  at  once.  If  the  selection  be  very  stringent,  s^/cr 
and  sJ(T  =  0  sensibly,  then  all  correlation  between  a  selected  and  non-selected  organ 
is  destroyed.  But 


‘■34 


_ ^'34  Da")  ~t  Da  (^3^24  ~t  _ 

\/(t  '>‘\i  ~  ^'13”  “t  2^’i2^’i3^’23)  Da"  ^’24“  ^’14“  “t 


(Ixxi.). 


This  is  what  I  have  termed  a  partial  correlation  coefficient — /.e.,  the  correlation 
between  C  and  D  when  fixed  values  are  given  to  A  and  B.  So  far  as  I  am  aware, 
such  coefficients  were  first  directly  used  l)y  Mr.  G.  U.  Yule  in  certain  economic 
problems.^  They  are  of  very  considerable  interest,  but  for  natural  or  artificial 
selection  ai'e  not  quite  so  important  as  the  generalised  form  (Ixix.),  for  we  generally 
select  about  a  mean  value,  and  not  absolutely  at  it. 

It  will  be  noticed  that  the  coefficient  of  correlation  of  two  non-selected  organs 
differs  from  the  corresponding  partial  correlation  coefficient  by  terms  of  the  square 
order  in  s/a,  hut  the  coefficient  of  correlation  of  a  selected  and  non-selected  organ 

*  ‘Roy.  Soc.  Proo.,’  vol.  60,  })p.  185,  488;  ‘  Ecotiouiic  Jouriicil,’  Decemlier,  1895,  and  December,  1896. 
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dilFers  from  zero  by  terms  of  the  first  order  in  sjcr.  Hence,  when  selection  is  intense 
(5/0-  small),  we  may  neglect  the  former  as  com23ared  with  the  latter,  and  we  have 
thus  the  basis  of  a  method  of  approximation  very  useful  in  some  cases. 

I  have  not  yet  succeeded  in  giving  a  geometrical  interpretation  to  the  above 
formulae,  but  have  little  doubt  that  it  would  be  quite  easy  if  the  “  spherical  ” 
geometry  of  four  dimensioned  space  were  more  familiar  to  me.  It  will  suffice  to 
observe  that  it  is  easy  to  find  cases  in  which  the  correlation  of  a  non-directly 
selected  organ  with  a  directly  selected  organ,  or  with  another  of  its  ovm  class,  can 
be  reduced,  destroyed,  increased,  or  reversed.  In  fact,  all  our  previous  warnings  as 
to  the  caution  necessary  in  avoiding  unintentional  selection  in  collecting  material  for 
testing  correlation  remain  in  force,  and,  indeed,  are  emj^hasised. 

The  following  illustrations  will  indicate  the  kind  of  jDroblems  which  may  be 
attacked  by  such  formulm  as  the  above  : — 


(8).  Illustration  I. — Influence  of  a  Selection  of  the  Long  Bones  of  the  Leg  o)i  the 
Long  Bones  of  the  Arm,  and  on  the  Relation  of  the  Leg  to  the  Arm. 


A  numerical  example  will  throw  light  on  the  apjDlication  of  the  above  formulm,  and 
effectively  illustrate  the  manner  in  which  a  selection  influences  size,  variation,  and 
correlation. 

Consider  the  long  leones  femur,  tibia,  humerus,  and  radius,  indicated  by  the 
subscrqits  I,  2,  3,  4  resjrectively,  and  let  m^,  rn^,  nig,  7/q  be  the  mean  values  in 
centimetres.  Then  the  following  numerical  values  are  given  in  a  memoir  by  Miss 
Alice  Lee  and  myself : — * 


French 

Aino  (J. 

TOi 

45-23 

40-77 

llhi 

36-81 

33-89 

m3 

33-01 

29-50 

Mi 

24-39 

21  -55 

0-1 

2-37 

1-90 

(To 

1-80 

1-67 

0-3 

1-54 

1-34 

0‘4 

1-17 

1-06 

>12 

-806 

-827 

>'n 

-842 

-858 

>'ii 

-744 

-789 

In 

-860 

-745 

'>'2i 

-780 

-865 

I'Si 

-845 

-776 

*  ‘  Roy.  Soc.  Proc.,’  vol.  61,  p.  343  et  se(i.  The  correlations  are  not  worked  ont  for  exactly  the  same 
lengths  in  the  case  of  the  two  races,  but  the  numbers  will  serve  quite  well  for  the  purposes  of  illustration. 
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Now  let  us  select  from  the  French  population  a  group  having  the  same 
characteristics  of  the  long  hones  of  the  leg  as  the  Aino  population,  and  then  compare 
the  characteristics  of  the  arm  bones  of  this  selected  group  with  those  of  the  Aino 
population. 

Our  selection  is  given  by  : 

=  4077-45-23  =  -  4-46, 

=  33-89-36-81  =  -  2-92, 

5^  1-90  pi..  =  -827, 

5.=  1-67. 


The  following  constants  must  now  be  determined  arithmetically  ; 

=  1  •90/2-37  =  -802, 

=  I -67/1 -80  =  -928, 


fD _ fi£23  _  .  ,25 

^  ?  13 


33  - 


1  -  ^-13^ 


=  -518, 


Gt  ’’1274 


^^-329  ^  -515^ 

1  -  1  -  r^o" 


1  ’’l2^  ^’23“  +  ^^’l2^’l3^’23 


1  ^ 
1  — 


=  -196, 


1  >’22"  -  _ 

1  ■“  '^’12* 


354, 


^'34  0  ~  ^'12“)  ’’l3’’l4  ’A’A  +  ’’i2(^’i3'74  “t  '^1,423)  _ 

1  _  2  — 

^  '12 

If  x\  and  x\  be  the  mean  humerus  and  radius  ot  a  femur-tibia  selection  from  the 
French  popidation,  we  have  from  (Ixv.) — 

x'.^  =  33-01  +  -277/^  +  -ddS/io, 

=  24-39  +  -16241  +  -335/10. 

These  would  give  the  effect  of  selecting  any  femur  and  tibia  defined  by  and 
from  tlie  mean  values  of  the  humerus  and  radius.  For  the  particular  selection 
indicated  above  : 


x\  —  30-48, 


=  22-69, 


both  of  which  are  about  a  centimetre  in  excess  of  the  Aino  population.  By  selecting, 
therefore,  from  the  French,  a  population  with  a  mean  leg  like  the  Aino,  we  should 
still  find  the  average  arm  of  this  population  some  two  centimetres  greater  in  length 
VOL.  CC. - A.  F 
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than  the  Aino.  The  variabilities  S.,  and  Sj  of  humerus  and  radius  for  a  population 
selected  from  the  French  by  femur  and  tibia  are  obtained  from  (Ixiii.)  and  (lix.). 

We  have  : 


'  S 


=  -urn  +  T81  [  ^  )  +  -268  )  +2  X  -221 


/  -S  ■ 


■Ns.  '  -3 


.)  h_3 


cr., 


S. 


Sp/o-fr  =  -354  +  -108  --  )  +  -205  ^ 
These  give  for  the  particular  case  : 


2  in 

O-T  (To 


Pi3  X  -169. 


^3=  1-39, 


-r 


ITl. 


Turning  to  the  correlation  of  humerus  and  radius,  we  have  by  (lx.)  : 


cr.,  cr,  ^  /  S 

hi  =  S  y  -'20  +  -140  (  - 

-3  —I  L  ^ 


1  / 


+  -267  ( 


S.. 


(To 


+  -389  -pi,  ^  - 


giving  for  the  particular  case  : 


1*34  —  *799. 


It  will  thus  be  seen  that  if  we  selected  from  the  French  a  group  with  the  same 
variabilities  and  correlation  of  femur  and  tibia  as  the  Aino,  the  variabilities  and 
correlation  of  the  humerus  and  radius  of  this  grou|D  would  not  be  very  different  from 
those  of  the  Aino.  On  the  other  hand,  the  correlations  between  upper  and  lower 
members  would  be  very  significantly  different. 

(Tenerally  we  have  by  (Ixi.)  for  selection  from  the  French  : 


r„  =  yV426^  +-518p^>. 


A4 


v 
— 4 


_  N  J  -q.^Q  A 


9  +  -515  p 


a 


r..3=  .518-4  4.  -423 

~  ^  '  To  ■  '  T, 


T., 


l-o,  =:  -515  +  .329  p3_ 


—  4 


To 


These  yield  for  our  })articular  case  : 

ti3  “  *819,  14^ 


l.o.j  —  845, 


•694, 

•768. 


These  are  all  smaller  than  the  corresponding  French  values,  the  selection  has 
reduced  the  correlation,  but  the  Aino  po]3ulation  has  in  all  the  cases  but  >’03  a  greater 
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correlation  than  the  French.  We  must  accordingly  conclude  that  by  a  leg  selection 
from  the  French  aimed  at  reproducing  the  proportions  of  the  Aino  leg,  we  should  not 
obtain  an  arm  equivalent  to  the  Aino  arm.  The  divergences  are  indicated  in  the 
accompanying  table  :  — 


1 

Selection  fiom  the  French. 

Aino. 

Unselected 

French. 

Mean  humerus  ...  ... 

30-48 

29-50 

33-01 

,,  radius . 

22-69 

21-55 

24-39 

Variability  of  humerus . 

1-39 

1-34 

1-54 

,,  radius . 

1-11 

1-06 

1-17 

Correlation  of  humerus  and  radius  . 

-799 

-776 

-845 

,,  ,,  femur  and  humerus  . 

-819 

-858 

-842 

,,  ,,  femur  and  radius 

-694 

-789 

-744 

,,  tibia  and  humerus  . 

-  845 

-  745 

-860 

,,  ,,  tibia  and  radius  .  . 

-768 

-865 

-780 

There  is,  of  course,  no  special  reason  for  suj^posing  that  the  French  and  Aino 
differ  merely  by  an  evolution  which  has  acted  by  selection  of  femur  and  tibia.  We 
might  have  obtained  a  race  out  of  the  French  more  nearly  akin  to  the  Aino  by  a 
selection  of  femur  and  humerus,  but  the  ju’ocess  would  numerically  be  exactly 
similar.  The  particular  illustration  here  chosen  is  taken  merely  as  an  instance,  to 
indicate  how  the  methods  developed  in  tins  memoir  enable  us  to  ascertain  with 
quantitative  certainty  how  far  racial  differences  may  be  due  to  the  more  or  less 
strino;ent  selection  of  a  limited  number  of  organs  in  the  one  race. 

If  we  consider  that  local  races  have  been  differentiated  from  a  parent  stock  by 
the  selection  of  the  chief  or  more  markedly  divergent  oi’gans,  then  we  have  in 
processes  such  as  that  just  illustrated  a  metliod  of  ascertaining,  at  least  tentatively, 
whether  two  races  are  to  be  considered  as  merely  local  varieties,  and  further  the 
particular  organs  through  selection  of  which  the  differentiation  has  taken  place. 


Illusteation  II. — Injiucnce  of  a  Selection  of  Femur  and  Humerus  in  Mod  fying 

Stature. 

The  following  data  have  fjeen  calculated  for  me  by  Miss  Alick  Lee  from  IIollet’s 
measurements  on  the  French  : — 


*  They  have  been  undertaking,  with  the  view  of  determining  more  scientifically  than  appears  to  me 
yet  to  have  been  done,  the  mean  stature  of  a  race  from  a  measurement  of  the  long  bones  found  in  burial 
mounds,  Ac.  Rollet’s  measurements  are  given  in  ‘  De  la  Mensuration  des  Os  longs  des  Membres,’ 
Lyons,  1889.  I  hope  shortly  to  publish  a  memoir  on  the  siil)ject.  [The  memoir  in  cpiestion  was  published 
in  ‘Phil.  Trans.,’  A,  vol.  192,  pp.  1G9-24I,  1898.] 
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d  ? 

Mean  stature,  mi . 

Variation  of  stature,  o-j . 

Mean  femur,  m-2 . 

Variation  of  femur,  (r., . 

Mean  humerus  m3 . 

Variation  of  humerus,  0-3 . 

Correlation,  femur  and  humerus,  r.23  .  . 

,,  stature  and  humerus,  Vis 

,,  stature  and  femur,  ri2  .  . 

166-26  cms. 

5  -  50  ,. 

45-23  „ 

2-37  „ 

33-01  „ 

1-54  „ 

-842 

-809 

•811 

154-02  cms. 

5-45  „  ; 

41-57  „ 

2-26  „ 

29-77  „ 

1-53  „ 

•872 

•771 

•805 

Now  let  us  select  from  among  French  males  a  group  having  the  same  variability, 
correlation,  and  mean  size  of  humerus  and  femur  as  French  females,  and  let  us  ask 
how  this  would  alter  the  variability  (5^^),  mean  size  (M^)  of  stature  in  French 
males,  and  also  the  correlation  between  stature  and  humerus  (r^g)  and  stature  and 
femur  (1*13). 

We  have  at  once  from  the  second  column — 


whence  we  find. 


— 3-C)G.  3-24, 

i'.  =  2-26,  .53=1-53, 

Piz  —  ’8/2, 


O2 

1 


’’2.3 ’’13 


•447, 


'23 


^’]3  ~  '^*2302 

1  -  ^23= 


=  -433. 


From  (Ixv.)  we  deduce, 

Mi=  166-2G  +  1-037//2  +  r546/,'3. 


This  formula  gives  the  stature  of  any  group  of  males  selected  from  the  French, 
and  having  their  femur  and  humeius  respectively  and  centims.  longer  than  the 
average. 

For  the  special  selection  referred  to  above,  =  —  3‘GG  and  Ag  =  —  3'24,  hence 


Ml  =  1GG-2G  —  3-79  —  S'Ol  =  157'4G. 

This  exam23le  shows  us  that  if  we  selected  French  men  with  the  same  femur  and 
humerus  as  French  women,  it  would  l)e  the  selection  of  the  humerus  which  would 
contribute  mostly  to  the  reduction  of  stature — a  somewhat  singular  result.  Further, 
such  a  selected  group  of  Frencli  men  would  l)e  still  some  3^  centims.  taller  than  the 
average  of  French  women  (instead  of  about  12^  centims.).  Probably  had  we 
selected  the  tibia  as  well,  the  greater  portion  of  this  remaining  advantage  in  height 
would  have  disa})peai’ed. 
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To  find  the  variability  in  stature  of  the  selected  group  Ave  must  use  (Iviii.). 
deduce : 

=  0-^3  I  -287  +  •200  (  y  +  -187  )“  +  ‘387  "’•' 


We 


--  I  -p  ■!&/  I  -  —  p 

(Tn !  \  (Tg  /  cr„  0-g 


In  our  particular  case  this  gives  : 


=  0-1  X  -987  =  5-43. 


The  actual  variability  in  stature  of  French  women  is  measured  by  a  standard 
deviation  of  5 ’45.  Hence  our  selected  group  of  men  Avould  be  sensibly  equally 
variable  with  French  women,  as  far  as  absolute  variation  is  concerned. 

Lastly,  from  (Ixi.)  : 


S.1  s, 

•447  --  +  -433  po3 

CTo 


0-1 


tl3  — 


V 
— 1 


3'.-> 


•433  -  -F  -44/  —0.3 

(J..  cr.T 


Avhich  give  in  our  particular  case  : 


r,.  =  X  -son  =  -811, 

-1 


r^3  =  J  X  -8017  =  -812. 

—1 

Such  a  selection,  therefore,  would  accordingly  only  increase  insensibly  the  corre¬ 
lation  between  stature  and  humerus,  Avhile  leaving  that  betAveen  stature  and  femur 
the  same.  The  sensible  reduction  of  correlation  betAveen  stature  and  humerus  (•SO 9 
to  •771),  Avhich  is  found  as  Ave  pass  from  male  to  female,  does  not  arise  Avhen  Ave 
select  a  group  of  males  Avith  their  femur  and  humerus  of  the  same  length,  variation, 
and  correlation  as  those  of  the  females. 


Illustratiox  III. — Influence  of  a  Selection  of  Stature  in  Modifying  Femur 

and  Humerus. 

Let  us  select  a  group  of  French  men  having  the  same  height  and  variability  in 
height  as  French  Avomen,  and  calculate  the  changes  Avhich  Avill  arise  in  their  femur 
and  humerus. 

Here  the  selection  is  giA'en  by  : 

/q  =  —  12'24,  >'^'1=  5^45. 

W^e  noAV  need  only  the  earlier  formulfe  of  this  memoir.  From  (1.)  Ave  find 

Mo  =  mo  +  -349/^,  M,  =  m^  -f  ■227/q. 
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These  give  for  our  case  : 

M.,  =  40 ‘9  5,  Mo  =  30 ‘24. 

Thus  a  group  of  males,  selected  to  have  the  same  stature  as  the  females,  would 
have  a  slightly  shorter  femur  and  a  slightly  longer  humerus.  A  slightly  longer  femur 
in  woman  and  a  slightly  longer  humerus  in  man  would  thus  appear  to  be  sexual 
characters. 

Turning  to  the  variations,  these  are  given  by  (xlix.).  We  find  : 

No  =  2-36,  N3=1-53. 

This  shows  us  that  while  the  selection  would  give  the  same  variabilitv  of  humerus 
to  the  men  that  women  have,  it  would  fail  to  produce  the  reduction  of  variability  in 
the  femur,  which  is  characteristic  of  the  women. 

From  (li.)  we  deduce 

=  '808,  =  ‘806, 

while  from  (Ivi.)  we  have 

1-03  =  -840. 

Thus  we  see  that  very  small  changes  would  be  made  in  the  correlations,  stature 
and  femur,  stature  and  humerus,  and  femur  and  humerus,  if  we  selected  French  men 
to  have  the  same  size  and  variability  of  stature  as  French  women.  The  explanation 
Oi  this  lies  in  the  nearly  equal  absolute  variability  of  the  two  sexes  with  regard  to 
stature,  for,  as  we  have  seen,  it  is  the  selection  of  variability  which  modifies  correlation. 
Looking  at  the  table  of  values  on  p.  36,  we  see  that  the  largest  difterence  of 
variability  in  the  two  sexes  lies  in  the  femur,  and  accordingly  it  is  from  a  selection  of 
femur  that  we  should  expect  the  greatest  differences  in  the  variability  and  correlation 
of  the  two  sexes  to  have  arisen,  but  even  this  difference  alone  would  not  account  for 
the  observed  sexual  differences  in  the  correlation.  Indeed,  it  would  be  suiq^risiug  if  it 
did,  for  the  selection  of  other  organs,  notably  the  pelvis,  must  have  played  a  con¬ 
siderable  part  in  the  differentiation  of  sex."^ 

(9.)  I  shall  now  proceed  to  a  series  of  problems,  which  will  show  the  application  of 
results,  such  as  those  obtained  in  this  memoir,  to  questions  which  arise  in  dealing 
with  inheritance  and  selection.  If  we  suppose  a  general  population  to  have  statistical 
“  constants,”  wliich  remain  constant  at  any  rate  for  a  moderate  interval,  we  stiU  want 
to  knoAV  not  only  the  error  which  may  arise  from  a  random  sampling,  but  also  the 
sort  of  effect  which  results  from  our  sample  being  too  much  drawn  from  one  kind  of 
environment,  from  a  rather  limited  class,  or  from  any  other  practical^  necessary  or 
unconsciousl}^  introduced  limitation  of  the  random  character  of  our  sample. 

*  “Primitive  man  and  voman  are  more  nearl}'  equal  in  size,  variability,  and  correlation  than  highly 
civilized  man  and  woman  ”  (‘Roy.  Soc.  Proc.,’  vol.  61,  p.  354). 
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Illustratiox  I. —  Tv  find  the  Influence  on  the  Intensity  of  Parental  Herediiy  of 

the  Selection  of  Parents. 

Let  the  subscripts  I,  2,  3  refer  respectively  to  farther,  mother,  child.  Let  us  first 
select  one  parent — say,  the  father — very  stringently,  i.e.,  sja^  ■=  is  small.  Then  we 
need  onlv  equations  (xlix.)  and  (li. ).  These  give  us  : 

,. _ 

and 

=  cr/  (1  ~  (1  ~  I\~) 

The  first  may  he  vnitten 


or,  we  see  that  iq-  will  decrease,  as  decreases.  Thus  if  vqg  =  A  we  have  for 

y^  =  1/2,  1^3  =  '2132,  ^2/0"^  =  '8367, 

p-j  =  1/4,  1^3  =  '1085,  ^2/^2  —  '7906, 

Pj  =  1/8,  ri3  =  "0545,  — ■’/h'2  ~  '7786. 

It  is  clear,  therefore,  that  the  correlation  of  parent  and  child  will  be  much  reduced  by 
such  a  selection.  On  the  other  hand,  the  regression  coeificient  will  not  Ije  altered,  ?.r., 
^2lT3A‘i  =  have  seen.  Hence  in  problems  of  heredity,  where  we 

suspect  a  parent  to  have  been  highly  selected,  we  should  seek  for  the  regression  of  son 
on  parent  rather  than  for  the  correlation.  Thus  in  the  case  of  Basset  Hounds, some 
if  not  all  the  reduction  in  correlation  between  sire  and  ofispring  may  be  due  to 
selection  of  the  sire.  A  test  of  whether  the  reduction  in  correlation  is  due  to 
selection  of  a  parent  ought  to  be  given  by  a  comparison  of  .5/  and  W e  cannot, 
I  think,  suppose,  unless  natural  selection  he  very  stringent,  that  cr^  difiers  much  from 
<T^.  Hence  it  follows  that  ought  generally  to  be  large,  if  there  be  selection  of 
a  parent.  We  can  hardly  test  this  point  eftectively  in  the  case  of  the  Basset  Hounds, 
owing  to  the  nature  of  the  classification.  In  racehorses,  although  the  sire  appears 
to  be  far  more  selected  than  the  dam,  there  is  not  a  great  reduction  of  the  coefficient 
of  correlation  between  sire  and  offspring,!  5^  appears  to  be  less  than  but  not  so 
greatly  and  certainly  less,  that  we  can  be  surprised  that  the  correlation  of  sire  and 
offspring  is  not  much  less  than  we  have  found  it  for  material  in  which  selection  of  the 
father  is  certainly  far  less  marked.  We  must  accept  the  warning  as  to  the  reduction 

*  ‘Roy.  Soc.  Proc.,’  vol.  66,  p.  157. 
t  See  ‘Phil.  Trans.,’  A,  vol.  195,  p.  93. 
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in  correlation  produced  by  the  stringent  selection  of  one  parent,  but  we  must 
remember  the  complexity  of  the  factors — the  variety  of  other  influences  at  work  in 
selecting  and  modifying  selection — before  we  lay  much  stress  on  this  source  of 
altei-ation  in  parental  correlation. 

Now  let  us  deal  with  the  case  of  both  parents  selected,  and  suppose  their  selection 
given  l)y  sjcr^  =  /Xo,  and  the  change  of  their  coefficient  of  assortative 

mating  from  to  We  have  from  formnlse  (Ixviii.)  and  (Ixx.)  by  a  little 

rearranging 

—3^  —  '^.3^  {1  (l  /^i”)  p/)  2  (^’la  ^13/^23} 

^3^13  “  ^3  [^'13  Pi)  /^13  ~  (^’12  PllP-l)  . (Ixxii.), 

where  yS^g  =  (^'^g  ~  /  (1  —  /3og  =  (v’gg  —  /  (1  —  Now  let  us  take 

special  cases  to  bring  out  points.  Let  us  suppose  r^o  =  oi’  assortative  mating  to 
exist,  and  let  us  enquire  what  change  would  be  made  in  j^arental  correlation  if  we 
selected  parents  who  had  assortatively  mated,  without  altering  their  variability,  he., 
let  us  take  1x1=  1,  p.,  =  1,  Ave  have  at  once 

V’  =  (1  +  ^di2’‘i3^‘23) . (Ixxiii.), 

—3^13  ~  ^3  ('^’13  fl“  PllP'is) . (Ixxiv.  ) , 

AA'hence  we  find  for  r^g  =  =  ’4  and 


P12  —  ’L 

%s/o-s=  1-0U9, 

1  jg  —  4335, 

P12  = 

=  1-0315, 

=  -4653, 

P12  —  '3’ 

—  1-0469, 

=  -4967, 

Pl-2  = 

=  1-0621, 

=  •5271, 

P12  ^ 

il 

1 — ' 

0 

0 

=  -5571, 

P12  =  L 

=  1-1489, 

=  -6963. 

Thus  the  general  effect  of  assortative  pairing  of  j^arents  is  to  increase  the  correlation 
between  parent  and  offspring  sensibly,  hut  not  to  very  rapidly  increase  the  variability 
of  the  offspring.  Thus  marriages  within  a  class  Avonld,  if  heredity  statistics  were 
collected  for  a  class,  tend  to  shoAA^  increased  parental  correlation.  Very  high  assorta¬ 
tive  mating  no  doubt  occurs  Avith  some  forms  of  breeding,  and  we  may  Avell  find  in 
such  cases  higher  values  of  the  parental  heredity  than  Ave  should  obtain  for  a  popula¬ 
tion  of  the  same  species  Avith  random  mating.  I  think  this  may  he  an  effective  factor 
in  the  raising  of  the  parental  correlation  in  the  case  of  coat-colour  in  thoroughbred 
horses. 
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Now  let  us  see  what  happens  if  we  select  both  parents  moderately.  As  test  cases, 
let  us  take  /tj  =  /To  =  ’8  and  '5,  and  for  the  extreme  =  0. 

We  have  at  once 

Ng  =  a-3\/'68  +  •32/r/(l  +  pi-:) . (Ixxv.), 

-3l‘i3  =  erg  {A/ri  (1  +  P13)] . .  (Ixxvi.). 

Hence  w^e  deduce 


P12. 

Pi  =  P2  = 

•8. 

Pl  =  P2  = 

•5. 

/n  =  P2 

=  0. 

' 

2:3/^3. 

ri.3- 

^3/w3. 

ri3- 

Y3/0-3. 

ri3- 

•1 

•9515 

•3700 

•8764 

•  2865 

•8246 

0 

*  2 

•9G22 

•3991 

•8809 

•  3093 

•8246 

0 

•3 

•9727 

•4277 

•8854 

•3316 

•8246 

0 

•4 

•9832 

•4556 

•8899 

•  3535 

•8246 

0 

•5 

•9936 

•4831 

•8944 

•3750 

•8246 

0 

1 

1 • 0438 

•0131 

■9165 

•4762 

•8246 

0 

This  table  is  very  instructive.  It  shows  us  that  selection  and  assortative  mating- 
are  factors  of  opposite  influence ;  that  if  selection  be  only  moderate,  then  with 
considerable  assortative  mating  the  coefficient  of  parental  correlation  may  be 
increased,  but  if  selection  be  stringent,  then  assortative  mating  cannot  counteract, 
even  if  as  high  as  ‘5,  its  destructive  influence  on  parental  correlation. 

For  example,  if  Ave  take  parents  remarkable  for  some  intellectual  or  physical 
character,  say  with  a  variability  only  a  A’ery  small  fraction  of  that  of  the  general 
poj)ulation,  then,  however  proportionately  we  might  pair  them,  we  should  find  their 
relationship  to  their  children,  as  measured  by  the  coefficient  of  correlation,  Amry 
sensibly  reduced  beloAv  that  of  the  general  population.  I  think  aa’o  have  here  the 
reason  AAdiy  Mr.  Galtox’s  Family  Data,  Avhich  AA-ere  draAvn  from  a  rather  narroAv 
class,  and  had  only  a  small  coefficient  of  assortative  mating,  give  so  much  smaller 
parental  correlation  than  my  own  Family  Data,  Avhich  seem  to  me  draAvn  from  a 
Avider  class,  and  have  a  considerably  higher  assortative  mating. 

It  will  be  clear  that  Avith  factors  like  assortatiAm  mating,  natural  selection,  artificial 
selection  of  breeders,  unconscious  selection  of  material  from  one  class  or  one  enAuron- 
ment,  modifying  our  coefficients  of  heredity  in  one  or  another  direction,  AA^e  can  hardly 
hope  for  more  in  practical  statistics  than  an  approximation  to  the  strength  of  the 
pure  inheritance  factor  l^y  dealing  w-ith  the  average  of  as  many  races  and  characters 
as  possible. 

*  The  Avork  for  Mr.  Galton’s  Family  Data  is  given,  ‘Phil.  Trans.,’ A,  vol.  187,  p.  270.  My  OAvn 
results  are  as  yet  unpuhlishecl.  The  average  A'aluo  is  about  -I.A,  as  compared  with  Mr.  Gat.tox’s  -.34 

VOL.  CC. - A. 
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Illustration  II. — To  Find  the  Influence  of  Parental  Selection  on  Modifying 

Fraternal  Correlation. 

I^et  the  subscripts  1,  2  represent  the  parents,  and  3  and  4  two  of  their  offspring. 
Let  us  first  select  one  parent  only,  tlie  selection  being  given  as  before  by  Si/o-j  = 
Our  formuke  will  now  lie  (liv.)  and  (Ivi.).  So  far  as  the  change  in  variability  is 
concerned,  we  have  already  discussed  it  under  our  first  illustration,  so  we  need  only 
consider  : 


Vmx  = 


v/  { 1  -  (1  -  pd)  ’-iClT  1  -  a  -  p?)  ri/}  • 

Now  7’j.j  =  if  tlie  offspring  are  of  one  sex  ;  hence  : 

^’i.T  (f 


(Ixxvii.). 


Li  — 


f  '^’1.3“  ( 1  “  /^i") 

If  we  take  =  ’4  and  r.^^  =  '5  as  reasonable  values,  we  have 

•34  +  T6pj'’ 


(Ixxviii.). 


Li  — 


84  +  -16;.I . 

Thus  I'si,  Avill  lie  greatest  when  is  greatest,  i.e.,  Avhen  there  is  no  selection,  and 
will  decrease  with  p^  until  it  reaches  ’4048,  when  p^  =  0,  or  there  is  selection  of 
fathers  of  one  value  of  the  character  only."^ 

The  selection  of  one  jiarent  only  does  not,  therefore,  immensely  modify  the 
correlation  of  brothers.  Still,  if  we  Avork  sensibly  with  one  class  of  the  community — 
say,  men  of  genius — we  should  expect  to  find  their  sons  rather  less  like  each  other 
tiian  if  we  Avorked  Avith  the  general  population  of  brothers. 

Noav  let  us  select  both  parents.  Here  again  the  A^ariability  of  the  offspring  has 
already  been  dealt  wdth.  We  are  concerned  wdth  equation  (Ixix.),  and  Ave  shall  put 
7-J3  =  =;  7’23  =  =  r,  or  make  jiarental  influence  equijiotent  for  the  two  sexes. 

Hence 

r 

+  '^'12  ’ 


^13  —  /^33  —  Ar  —  Ar  —  ^  ^ 


where  r  is  the  parental  correlation,  and  the  coefficient  of  assortatiAm  mating. 
Hence  Ave  find 


L-i  — 


{1  py  T  1  pv  +  2  (7'^2 
1  —  /3^  {1  —  pd  +  1  —  pd  +  2  (rjo  —  P10P1P2)} 


(Ixxx.). 


To  reduce  to  numbers,  suppose  p^  =  p.„  and  =  0  for  the  general  population.  We 
have 

’’m  —  2r”  {1  —  pd(l  +  P13) } 


Lr  — 


l_2rHl-pd(l  +  />i2)} 


(Ixxxi.) 


In  general  the  value  of  rsi  ranges  from  734  down  to 


734  -  I'lS' 
l-ri3- 
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Hence  if  we  put  =  ‘5,  and  r  =  ’4, 


I's-i  = 


T8  +  +  Pjo) 

'68  +  ■32//q®(l  +  Pjj) 


(Ixxxii.). 


The  following  table  will  sulEce  to  indicate  the  changes  which  take  place,  when  we 
give  a  series  of  A^aliies  to  /x,  and  Thus  the  first  row  gives  the  influence  of  selecting 
parents  without  any  assortative  mating.  We  see  that  with  increasing  stringency  of 
selection  the  reduction  of  correlation  is  very  considerable,  and  that  with  such  selection 
the  influence  of  assortative  mating  becomes  less  and  less.  Nevertheless,  assortative 
mating  can  produce  quite  sensible  results,  if  there  be  little  or  no  selection.  I  am, 
indeed,  inclined  to  think  that  a  good  deal  of  the  high  values  found  for  the  fraternal 
colour  correlation  in  the  thorouo’hbred  foals"*  is  due  to  much  ass(U’tative  C()lour  matino- 

o  o 

in  sire  and  dam.  Of  course  it  cannot  be  all  due  to  this  source. 


Values  of  Fraternal  Correlation  with  Parental  Selection. 


p.l=l. 

P-\  =  'S- 

/'■i= 

Pi  =  ■  t- 

/n=-2. 

P-i  =  0. 

P\i  =  0 

•5000 

•4349 

•3712 

■3162 

•2783 

•2647 

Pl-2  =  •  1 

•5155 

•4477 

•  3802 

•3209 

•2796 

•2647 

n 

/>12=  - 

•5301 

•  4599 

•  3889 

-.3256 

•2809 

•2647 

Pl2  =  ■  3 

•  5438 

•4716 

•3974 

•  3303 

•2823 

•2647 

Pl2=  -5 

•5690 

•4935 

•4137 

•3392 

•  2849 

•2647 

Pl2=  1 

•6212 

•5411 

•4508 

•  3609 

•2914 

•2647 

On  the  whole,  I  think,  we  may  conclude,  so  far  as  the  relative  influences  of  sexual 
selection  in  the  form  of  assortative  mating  and  natural  selection  go,  that : 

Both  sexual  and  natural  selection  can  sensildy  'modify  the  intensity  of  inheritance 
as  measured  hy  the  coefficient  of  correlation,  the  former  tends  to  raise,  the  latter  to 
lower,  its  intensity.  But  the  effect  of  the  latter,  if  at  edl  stringent,  is  to  completel y 
mash  the  effect  of  the  former. 

In  fact,  we  may  write 

l-.,  =  1 _ 

1  —  2/'”  +  2r-fif{l  +  Pjo) 

Hence  the  smaller  yf  pf,  the  smaller  will  be  fraternal  correlation.  This 
varies  as  the  square  of  and  only  as  the  linear  power  of  1  +  p^o.  Thus  we  see  at  once 
why  stringency  of  selection  is  far  more  potent  than  assortative  mating. 

Illustkatiox  hi. — To  fnd  the  hifuence  of  selecting  two  organs  A  and  B  in 
a  parent,  on  the  correlation  of  the  like  organs  A'  and  B'  in  the  offsjyring. 

Let  the  organs  in  the  parent  be  denoted  by  1  and  2,  and  in  the  offspring  by  3  and  4. 
Suppose  the  organic  correlation  of  the  two  organs  in  the  general  population  to  be  ? 


*  ‘  Phil.  Trans.,’  A,  voL  195,  p.  93. 
G  2 
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so  that  =  roj,  =  r’  l:)efore  any  selection  takes  place.  Let  r,  the  correlation  of  the 
organs  in  tlie  parent  and  offspring  he  supposed  to  be  the  same  for  both  organs  ;  then 
V  =  Finally  we  have  the  coefficients  of  cross-heredity,  and  These 

must  vanish  if  there  be  no  heredity  and  no  organic  correlation,  and  should  be  perfect 
if  both  these  are  perfect.  Hence  we  will  take  =  rr'  as  a  probable  hypothesis.* 

With  these  values  of  the  correlation  coefficients  we  easily  find 


/^13  — 

Hence  from  (Ixvlil.)  and  (Ixix.)  we  have  : 

^  o  r  -1  .n  I  .'I  n  ■)  <'1  n  j  0  ^ 

-3“  =  o-s'  1 1  “  +  ^"prl  =  -u  =  H  ^  H  ) 

r'  (1  —  ?■-)  +  


'34  _  ,,3  +  ■ 


.  (Ixxxiii.), 
.  (Ixxxiv.). 


For  simplicity,  suppose  the  stringency  of  the  selection  to  be  the  same  for  both 


organs,  then  : 


I  ^  ^ 


1  - 


1  +/^f 


1  -  1- 


If  r  =  ‘4,  and  =  yr', 


=  r  X 


1  +  FtTPi' 

1  4-  fVpi’ 


(Ixxxv.). 


The  following  table  Indicates  the  value  of  • — " 


Pi  =  L 

pi  =  •  8. 

pi  =  •  6. 

pi=  -4. 

Pi=  -2. 

0 

II 

y  =  l 

1 

1 

1 

1 

1 

1 

7  =  0-8 

-9680 

•9783 

•9872 

•9941 

•  9985 

1 

7  =  0-6 

-  9360 

•9565 

•9743 

•9882 

•9970 

1 

'  7  =  0-4 

-  9040 

•9348 

•9615 

•9823 

•  9955 

1 

7  =  0-2 

-8720 

•9131 

•9487 

•9763 

•9940 

1 

7  =  0-0 

-8400 

•8913 

•9358 

•9704 

•9924 

1 

It  will  be  clear  from  this  table  .that  if  the  selection  be  at  all  stringent,  no  reductioR 
of  organic  correlation  in  the  parents  will  affect  substantially  the  organic  correlation  in 
the  offspring. 

On  the  other  hand,  if  y  be  >1,  we  can  have  considerable  modifications  in  the 
value  of  the  correlation,  even  if  the  selection  be  stringent. 


*  See  *  Roy.  Soc.  Proc.,’ vol.  62,  p.  411.  I  have  cV  good  deal  of  daLa  on  the  value  of  these  cross^eredity 
correlationB  now  reduced  and  soon  to  be  published. 
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Thus  we  have  the  following  values  of  if  : — 


Pi  =  1. 

gi  =  -  8. 

/ii=  -6. 

Pi  =  -  4. 

Pi=-2. 

/Xi  =  0. 

y=  2 

1-1600 

1-1087 

1-0642 

1-0296 

1-0076 

1 

=  10 

2-4400 

1-9779 

1-5775 

1-2662 

1-0681 

1 

=  50 

8-8400 

6-3243 

4-1448 

2-4492 

1  -  3705 

1 

Lastly,  if  r'  =  0  : 


^15  hi/pi2  is  given  by  : 


1 


1  + 


21  1  , 
4 


pi  =  1. 

pi=  ‘B. 

/xi=  -6. 

Pi=  '4. 

/xi=  -2. 

gi  =  0. 

X-ajpu 

-1600 

-1087 

-0642 

-0296 

•0076 

0 

Thus,  even  if  there  were  no  correlation  between  the  organs  A  and  B  in  the  general 
population,  still  a  selection  of  parents  in  which  such  organs  were  correlated  would 
lead  to  offspring  with  correlated  organs  A'  and  B'.  The  amount  of  such  correlation 
would  only  be  '1600,  if  the  variability  of  the  jDarent  were  not  selected,  and  would 
diminish  rapidly  wuth  stringent  selection  of  variability.  Still  '1600  is  cpiite  sensible, 
and  would,  if  the  selection  continued  for  a  few  generations,  continue  to  increase. 
Thus  we  see  how  selection  of  a  pair  of  organs  in  a  parent  may  increase  or  even  create 
correlation  between  the  like  organs  in  the  offspring. 

The  reader  will  find  other  interesting  illustrations  in  tracing  the  influence  of  an 
absolute  selection  of  one  parent  only  on  the  correlation  of  the  offspring,  e.r/.,  relation 
between  pairs  of  foals  which  all  have  a  common  sire,  the  influence  of  selecting  an  organ 
A  in  the  sire  and  an  organ  B  in  the  dam  on  the  correlation  of  the  organs  A  and  B  in 
the  offspring,  the  influence  on  assortative  mating  of  selecting  parents  of  men  of 
genius,*  and  in  many  other  problems. 

(10.)  It  is  not  wuthout  value  to  consider  how  arises  in  the  case  of  natural  or 
artificial  selection.  Suppose  we  have  two  organs,  A  and  B,  then  we  shall  endeavour 

(i.)  to  give  these  definite  values,  say  x  and  but  we  shall  not  be  able  to  get  all  our 
individuals  with  such  absolute  values,  we  shall  select  with  certain  deviations  from 

X  and  y,  given  by  x  =  x  -{•  x'  and  y  —  y  y\  say.  Further,  we  shall  endeavour  to 


*  This  is  a  peculiarly  interesting  case,  for  if  we  select  men  of  remarkable  intellectual  ability,  we  should 
expect  to  find  both  parents  above  the  average  of  the  general  population,  but  with  a  negative  correlation 
between  them  amounting  at  a  maximum  to  -  •  1905. 
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_  _  _  _ 

make  y  some  fimction  of\r,  say  y  —f{x)  or  y  +  y'  =f[x)  4-  f  («)  +  ^  f  (•'■)  +  • .  • 
by  Taylor’s  theorem.  But  y  =  f  (.r)  and  x  is  small,  so  that  our  attempted  relation 
will  he  of  the  form  : 

y'  —  wx'. 

Hei'e  m  is  the  slope  of  a  line  to  which  we  endeavour  to  confine  the  selected  organs. 
But  we  shall  not  he  quite  able  to  exactly  hit  this  relation  off ;  when  x  =  e,  w-e  shall 
find  that  y'  —  me  fi-  y,  where  p  is  a  small  unavoidable  error  in  selection  of  y'  uncor¬ 
related  with  e.  Thus,  if  and  .9o  be  the  selected  variabilities,  we  shall  have  : 


Therefore  : 


o 

6  a 


is(P)=-  S(,«e+,)=,  V 


0 


Further  : 


Pic  = 


S{(?/ie  +  ?/)e} 


rnsy 

C  Q 


ms. 


and  therefore  :  -  8  {y~)  =  (1  —  piz)- 

Or,  Pjo  is  at  once  obtained  from  the  slope  of  the  line  m,  by  wdiich  we  endeavour  to 
fix  the  relationship  of  the  organs  A  and  B.  Or,  again,  we  may  look  upon 
s.2s/l  —  Pi-}"  as  a  quantity  measuring  the  mean  divergence  of  the  B  organ  from  that 
absolute  fulfilment  of  the  relationship  between  A  and  B  which  we  are  striving  to 
attain.  Thus  p^.2  is  a  quantity  which  naturally  arises  in  every  attempt,  whether 
artificial  or  natural,  to  select  organs  having  a  definite  relationship  to  each  other. 

IMuch  the  same  considerations  arise  when  we  select  three  or  more  oro-ans.  In  each 
case  the  selected  coefficients  of  correlation  are  constants  which  enable  us  to  express 
(i.)  to  a  first  approximation  the  form  of  relationship  we  are  aiming  at,  and  (ii.)  the 
average  degree  of  divergence  from  absolute  fulfilment  of  this  relationship. 

Thus,  without  regard  to  any  particular  distrihution  of  frequency,  the  i’s  and  the 
p’s  are  the  approjiriate  constants  to  express  approximately  the  nature  of  any  form  of 
natural  or  artificial  selection. 


(11.)  O/}  the  ProhahiUty  of  Survival  and  the  Surface  of  Survival  Rates. 

In  the  course  of  the  present  jDaper  I  have  assumed  that  when  measurements  are 
made  on  any  population  for  a  complex  of  n  organs,  the  frequency  surface  may  be 
taken  as  approximately  normal.  If  this  liolds  for  the  population  before  and  after 
selection,  and  measurements  made  on  many  groups  at  difierent  periods  of  life  seem 
to  indicate  that  it  is  approximately  true,  it  follows  that  we  can  determine  the  form 
of  the  probability  of  survival  as  a  function  of  the  means,  variations,  and  correlations 
of  the  selected  and  unselected  populations. 
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Let  the  unselected  population  be  given  by 

Z  =  Zq  expt.  —  .  .  .  + 

+  2ci.,x^x.2-\-  .  .  .  +  ‘2,Cu_i^„x„_-^x„}  .  .  .  (Ixxxvi.). 

Let  the  j^rol^ability  of  survival  be  given  by 

P  — —  ^3  ~  .  .  (Ixxxvii.), 

where  f  is  at  present  an  unknown  function,  which  is  to  l)e  a  maximum  for 

a  j  —  ^"3  ^-'>5  ^^3?  •  •  * 

and,  if  the  selection  be  at  all  stringent,  to  take  rapidly  decreasing  values  as 

x^  ““  a  .1  Lt,  ““  ^3?  •  '  *  X  ““  I^n 

take  increasing  large  negative  or  2)ositive  values.  It  will  be  clear  then  that  the 
individuals  who  are  “  fittest  to  survive,”  i.e.,  have  the  smallest  death-rate,  are  those 
whose  organs  are  defined  by  : 

./■  I  —  /i^i,  a.'^  —  .  .  .  X/i  — 

and  fitness  generally  will  be  measured  by  the  closeness  of  the  individual  to  these 
“  fittest  ”  individuals. 

In  order  to  find  the  surface  of  survivors,  immediately  after  the  selection  if  growth 
be  taking  jjlace,"^^  or  at  any  later  stage  if  growth  have  ceased,  we  liave  only  to  multiply 
Z  by  2\  or  : 

z  =  Z  X  p . (Ixxxviii.), 

is  what  in  the  earlier  part  of  this  memoir  I  have  termed  the  selection  surface.  Now 
if  this  selection  surface  be  itself  normal,  it  will  be  of  the  form  : 

z  =  Zq  expt.  —  ^  -j-  633  (xo  —  +  •  •  • 

+  {Xn  —  h„f  +  26^3  (.Xi  —  by)  (Xo  —  f>3) 

—  .  .  .  +  26„_i,„(x„_i  —  h„_y)  (x„  —  h,)  .  .  (Ixxxix.). 

Here,  as  in  the  value  of  Z,  all  the  constants  hyy,  633,  .  .  .  b„„,  by^  .  .  .  b„_y  u  are  known 
in  terms  of  the  variations  and  correlations.  If  there  be  selection  of  q  organs  only 
out  of  the  n,  then  b^^y  ^^y  .  .  .  *^3,^+1,  •  •  •  b„_y  ,i,  will  all  be  zero.  Since  by 

Equation  (Ixxxviii.)  =  s'/Z,  it  follows  that  the  function  f  which  defines  the  prob¬ 
ability  of  survival  must  be  of  the  normal  exponential  type,  or 

*  I  propose  to  deal  in  another  memoir  with  the  important  problem's  of  slow  selection  during  rapid 
growth,  and  of  secular  selection  during  several  generations. 
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X.,  —  k.,,  .  .  .  X,,  —  k„)  =  expt.  —  ^  {x^  —  k^)~  -4-  {x.,  —  7:^)-  +  .  . 

4-  2a (.-fj  —  Jc{){x.  —  7-.)  —  .  .  .  +  {x„_^  —  Jc„_y)(x„  —  J:„)}  . 


Thus,  to  determine  the  probability  of  survival,  we  require  to  kno-v  the  values  of 
the  as  and  Jcs  in  terms  of  the  h’s,  Iis,  and  c’s.  The  shortest  method  of  finding  is 
to  put  Xy  =  7’j,  X.,  =  /q,  .  .  .  x^i  —  Ii\„  and  then  note  that  : 


T\> 


^  ('0  —  rq  —  —  1,,) 

A  ('q  =  /q,  =  /i'o,  .  .  .  o'n  —  />',;) 


(xci.). 


Since 


p  =  zj'Z,  and 


we  see  that  the  relations  for  p,  given  s  and  Z,  and  for  2,  given  p>  and  Z,  are  cyclicly 
interchangeable  if  at  the  same  time  we  change  to  —  <?jj,  to  —  c.^.z  ...  Cu  to 
—  Ci2  .  .  .  to  —  If  o-j,  (To,  .  .  .  rr„  be  the  standard  deviations  of  the 

unselected  population,  this  amounts  to  changing  cr^,  cto,  .  .  .  o-,^  to  \/  —  lo-^,  v'^—  Icr.o, 

.  .  .  Icr,;  respectively.  Thus  the  results  which  give  the  probability  of  survival 
in  terms  of  unselected  and  selected  populations  can  always  by  an  easy  interchange 
be  used  to  obtaiii  the  selected  population  from  a  knowledge  of  the  unselected 
po])ulation  and  of  the  probability  of  survival. 

Let  the  unselected  population  be  defined  by  nr-,  .  .  .  c^,  (t_-,  .  .  .  cr,„  and  >qo, 

^  10)  ^  23)  •  .  •  ^  .'(  —  I,  «• 

Let  the  selected  population  be  defined  by  ?)q  +  H^,  nq  H.),  .  .  .  +  H,, 

.  .  •  — )()  and  ijj,  1^3,  V03,  .  .  . 

Let  the  constants  of  the  probability  of  survival  function,  or  rq^,  .  .  .  a„i„ 

.  .  .  «;;_!,«)  be  expressed  by  6q,  ^.n,  .  .  .  q,,  p^.,,  p^g,  .  .  .  p„-i,n  as  if  it  were  a  normal 
correlation  surface. 

Then  the  problem  will  be  solved,  if  we  know  the  Jcs,  s’s,  and  p’s  in  terms  of  the  cr’s, 
r’s,  H’s,  N’s,  and  r’s. 

Equating  the  squares,  joroducts,  and  linear  terms  in  the  :r’s  in  the  equation 
•p  =  z/Z,  we  have  at  once  the  system  : 


=  h 


(I,, 


UU  ^  UW) 

I  —  c 

nr*, 


for  all  values  of  u  and  v  from  1  to  n. 


(xcii.). 


—  o,i/q  —  o,../,-.,  —  ...  —  a,,k,  —  ...  —  ajxu 

—  —  h,iHi  ~  —  ...  —  7>,,H(,  —  ...  —  h,,TL,  .  .  (xciii.), 

for  all  values  of  v  from  I  to  n. 


*  These  must  not  be  confused  with  the  .sj,  So,  .  .  .  s,j,  piz,  pis,  p^s,  .  .  .  pq,q-i  constants  of  the  q  selected 
organs  of  the  jirevions  discussion,  The  new  cjuantities  may  be  in  part  iinaginarii. 
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If  we  now  substitute  from  the  first  two  equations  for  the  a’s  we  find  : 


(Gi  —  ^n)  ^’l  “h  (Cr2  —  ^>1-2)  ^‘2  +  •  •  •  H“ 

=  —  6,iH^  —  —  ...  —  —  ...  —  .  .  (xciv.). 


Now  let  A  be  the  determinant 


^11 

^in 

Oe 

^12’ 

CO 

^13> 

■ 

—  j 

^21’ 

&22’ 

Os 

^23) 

■  Co., 

-  h,, 

^31 

<^32 

^32’ 

CO 

CO 

■  Co„ 

— 

C«i 

C«2 

^«2) 

('-nz 

0(.35  • 

■  ■  c„„ 

^  HJl 

and  A„„  the  minor  of  its  constituent. 

Then  we  have  at  once  : 

A  X  =  A,.i  +  .  .  .  + 

-f-  A, 2  (^21^1  “h  ^22^2  H“  •  •  •  “h 
4*  +  63214^  +  ^33^3  •  •  •  +  ^3«H„) 


Or  : 


+  -^ivi  +  0(2H2  H“  ■  •  •  “h  0»JI,/). 

A  X  /q  =  (Z^iiAfi  +  b^.2^,.2  +  ?>i3Ai.3  +  .  .  .  +  ?>i,;A„,) 

+  Ho  (^21^!1  4"  ^h2^<-2  4"  4“  •  •  •  4“  ^2>Ani) 

4“  Hg  (^giAp-i  +  ?>3oA,.2  4“  4“  •  •  •  4“  ?t;«A,.;,) 

+ . 

4“  H//  ('^^«lA,i  +  ^/.oAr'j  4“  ^,r.-Ar;i  4“  ■  •  •  4"  ^:iiAni) 


(xcv.). 


Thus  ho  is  determined  in  terms  of  Ho,  .  .  .  H,,,  which  define  the  maximum 
frequency  of  survival. 

In  a  similar  manner  by  making  the  j^roper  changes  indicated  above  we  have  : 


a'  X  H,^.  =  I’l  (aiiA^j-i  fi-  OioA^i-o  +  ttiA^Z  4"  •  •  •  4“  ''hn^'r?) 

4*  ho  [aoA' i-x  +  n22^^-2  4~  C^2Z^'r3  4"  •  •  •  4“  (^2/A'rii) 

4“  hs  («3iA  j-i  A  ^h2^'f3  4"  ^hz^'vz  4"  •  •  •  4“  (^hiA' n) 

I 

“T . 

+  h„  {a„A\.^  +  a^oA'a  4-  —  ...  4-  «»«A'r«)  •  •  •  (xcvi.), 

where  A'  is  the  determinant 
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(c'n  + 

(r,.^  -j-  af, 

“b  •  ■ 

■  .  (Cu 

+  t'o/)  1 

(Ai  +  '"til). 

{Coo  +  0.0.,), 

{r-.,3  +  ft.,,.)  .  . 

■  {c>n 

+  of 

(t;n  +  ap.l). 

+  tt.2). 

(f:«  +  of  .  . 

1 

(t«i  + 

f‘/i2  + 

•  mi 

+  0,1, h) 

and  A',„.  the  minor  of  its  constituent. 

Now  it  will  he  clear  from  these  results  that  as  a  general  rule  it  is  impossible  for  to 
he  equal  to  H,..  In  other  words  :  The  incjivldiial  most  frequently  met  with  in  any  given 
selected  community,  i.e.,  the  mediocre  individucd,  is  not  the  individual  fittest  to  survive. 

It  is  only  in  the  limiting  case  of  natural  selection  heing  so  stringent  that  one  type 
of  individual  alone  is  able  to  survive,  that  the  fittest  class  has  a  numerical  majority 
over  any  other  class  of  the  community.  This  seems  to  me  an  important,  algebraically 
almost  self-obvious  truth,  and  yet  one  which  is  very  much  obscured  by  the  use  of  such 
a  phrase  as  the  “  survival  of  the  fittest.” 

Of  course,  if  there  be  continuous  selection,  or  an  environment  so  stable  that  the 
])rol3alnlity  of  survival  remains  constant  for  a  long  period,  there  will  be  a  gradual 
ap})roach,  never  theoretically  an  actual  identification  of  the  mediocre  and  the  fittest. 
But  in  actual  nature  the  environment,  at  any  rate  so  far  as  it  depends  on  climato¬ 
logical  conditions,  must  have  a  long  period  as  compared  with  the  vital  and  reproductive 
2:)ei'iods  of  innumerable  forms  of  life.  A  hard  winter,  a  drought,  a  flood,  a  famine, 
a  plague  oi‘  epidemic  of  any  kind,  even  if  fairly  stringent,  will  rarely,  if  ever,  render 
the  most  frequently  surviving  individual  identical  with  the  individual  who  is  fittest 
to  survive."^  Still  less  will  this  identity  take  place  in  the  many  processes  of  artificial 
selection,  which  are  loecoming  and  will  more  and  more  become  valuable  laboratory 
aids  in  our  appreciation  of  the  action  of  natural  selection.  The  divergence  between 
the  most  frequently  surviving  and  the  fittest  individual  is  measured  by  the  above 
fornndpe  for  the  /:’s  in  terms  of  the  H’s.t 

Tr»  complete  the  solution,  the  «’s  must  be  found  from  the  e(iuations  of  type 

a,„.  =  l),,^  —  and  then  from  the  n’s  the  s’s  and  p’s  follow'-  by  the  well-known 

determinants  for  multiple  correlation  :  see  our  Equations  (xi.)  and  (xii.). 

Throughout  the  earlier  part  of  this  memoir  I  liave  used  only  the  surface  of  selection, 
hut  the  above  investigation  wfill  enable  us  Avhenever  desired  to  replace  it  by  the 
ju'obability  of  survival.  I  will  illustrate  this  1)V  obtaining  the  fornudm  suitable  to  the 
simpler  cases. 

*  We  badly  want  a  name  for  the  selection  which  acts  for  a  short  time  and  rapidly  modifies  the  adnlt 
population.  It  is  practically  the  type  of  selection  considered  in  this  paper.  It  is  epidemic  or  catastrophic 
in  character. 

t  The  point  is  of  considerable  importance,  for  more  than  one  influential  writer  has  spoken  of  the  result 
of  natural  selection  as  the  preservation  of  the  type  the  mortality  of  which  is  least  under  the  given 
conditions. 


SELECTION  ON  THE  VARIABILITY  AND  CORRELATION  OF  ORGANS. 


51 


(12.)  Case  (i.). — Selection  of  a  Single  Ovgan  only. 

The  original  population  is  given  by 

and  the  curve  of  survivors  bv 

- - 0^ 

The  jDrobability  of  survival  is 
where  we  easily  find,  if  S/cr  ==  X, 

k  =  H/(l  —  X“) . (xcvii.), 

s  =  N/\/l  —  X~ . (xcviii.), 

^  _ H2 _ 

and  Pjj  =  ^  . (xcx.). 

As  an  illustration  consider  a  selection  from  modern  French  peasants,  which  should 
reduce  the  mean  and  variability  of  their  cephalic  index  to  those  of  the  Libyan  race. 
French  peasants  : — 

ni  =  79'786,  cr  =  3'84I. 

Libyans ; — 

m  +  H  =  72-938,  S  =  2-885. 

Hence  :  H  =  —  6-848,  X  =  -751  L. 

These  give  :  h  =  —  15-712,  s  =  4-370. 


Thus  for  such  a  change  as  7  points  in  the  cephalic  index  to  take  place  by  selectioif''" 
we  should  have  to  make  the  “fittest  to  survive”  of  such  a  ridiculously  low  cephalic 
index  as  64-074,  and  such  a  high  variation  as  4-370. 


We  find  =  51  -0474  njSi, 

and  accordingly  the  probability  of  survival  given  by 

p  =  51-0474  4  + 

N 

where  N  are  the  number  of  Frenchmen  converted  into  n  Libyans  so  far  as  cephalic 
index  is  concerned. 

I  have  purposely  taken  a  somewhat  extreme  case  of  selection  in  order  to  illustrate 
how  wfidely  the  most  frequently  surviving  individual  can  diverge  from  the  fittest. 

In  this  case,  if  the  chances  of  survival  (i.)  of  the  fittest,  (ii.)  of  the  individuals  most 
frequent  after  selection,  and  (iii.)  of  the  individuals  most  frequent  before  selection,  be 
Cj,  C2,  and  Cg  respectively,  we  have  ; 


*  This  is,  of  course,  supposing  the  change  to  occur  by  catastrophic  selection  and  not  by  a  continuous 
secular  selection,  see  footnote  preceding  page. 
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Cj  :  C.2  :  Cg  1  :  -12782  :  -00156, 

or,  the  chances  of  survival  of  an  individual  of  the  fittest  tyjDe  would  be  about  eight  times 
as  great  as  those  of  an  individual  of  the  most  frequent  type  after  selection  and  about 
700  times  as  great  as  those  of  an  individual  of  the  most  frequent  type  before 
selection.  If  r-j,  v.^  be  the  numbers  after  selection  in  the  three  classes'^  of  the 
fittest  to  survive,  the  most  frequent  after  selection  and  the  most  frequent  before 
selection,  we  find 

-00892  :  1  :  -05978. 

In  other  words,  the  most  numerous  type  before  selection  is  still  after  selection  about 
6-7  times  as  numerous  as  the  type  with  the  least  mortality,  and  this  latter  type  is 
only  aljout  xyj  as  numerous  as  the  type  to  be  most  frequently  met  with  after 
selection  has  taken  place. 

Thus,  although  there  would  have  been  a  very  great  evolution  in  cephalic  index, 
due  to  a  fairly  stringent  selection,  the  fittest  to  survive  would  always  have  formed 
but  a  small  fraction  of  the  dominant  type.  Even  if  we  were  to  replace  the  selection 
here  considered  by  a  gradual  evolution  spread  over  several  generations,  we  should 
.still  reach  in  the  main  the  same  conclusion,  i.e.,  that  natural  selection  never  joroceeds 
hij  the  survival  of  the  fittest,  or  the  survival  of  those  ivith  the  least  death-rate.  These 
will  always  remain  a  small  fraction  of  the  community — they  are  the  goal,  but  often 
the  vei'v  distant  goal,  to  which  selection  tends  to  shift  the  population. 


(13.)  CASE'(ii.) — Selection  of  Two  Organs. 
In  this  case  let  the  surface  of  survivors  be  : 


=  c'o  expt. 


(H  - 

Spd  -  hp) 


2Vp  (v,  -  Hd  (,r,  -  HA  ,  (r.  -  H.P 


-  hP) 


Adi-hp) 


•  (c.), 


the  original  population  : 


Z  ==  Zq  expt.  —  I 


4“ 


(Tpfl  rjo")  Hp)  ^p(f  ■“  HP) 

and  the  curve  of  probaljillty  of  survival  : 

—  1  [  ~~  l\y  _  -P12  ~  ^‘i)  0-2  —  d)  ,  ('p  ~  hf 

T  '  HO  ^  l.s-Q  _  u  7:-  /I  2\  “f"  -  2 


.  (ci.). 


Since  : 


(1  -  Pf)  (1  -  Pu) 

P  —  dE, 


“  Pl2~)\  ' 


(cii ). 


*  By  individuals  of  a  type  or  class  is  meant  here,  as  elsewhere  in  this  section,  all  the  group  falling 
w  ithin  some  small  definite  range  of  variation  lying  round  a  particular  value  of  the  organ  {e.g.,  m,  m  +  H, 
or  m  +  /.),  which  defines  the  type  or  class. 
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we  find  at  once 


crd(l-0/)  • 

11  11 

¥  (1  -  Fit)  ~  (1  -  Xj)  “  ctG  (1  -  rj)  ' 


1  Pu 


r,. 


13 


'13 


^D3  1  Pu  2]“3(t  fis")  ^l'^3(t~03") 

H,  TLiV: 


§F  (1  -  Pu^)  ^1^3  (1  -  Fi3^)  (1  -  r^G)  (1  -  iiGj  • 


^"iFi3 


ct  \  I  '  TT  r> 


JC: 


A3H1 


H. 


^D3  a  -  Pi3“)  '  5,^1  -  PiF)  (1  -  (1  -  riG) 


(cuL). 

(civ.). 

(cv.). 

(cvi.). 

(cvii.). 


Let  Si;Vi  =  X^,  S^/'cTo  =  X^  measure  the  stringency  of  the  selection,  and 
/X  =  A/  ~  ^  measure  the  change  in  correlation."^  Then  solving  the  above  equations 

V  X 

we  find  : 

p‘-  =  v'r->>^?vr^ . 

>r~5 

(cix.), 
(cx.), 


*•1  = 


N,  \/l  -  iv,~  -  (1  -  qoO  Xo'-* 


V 


— 


/I  _  _  Xy  -  Xy  +  (1  -  qy)  Ayx/  +  2qyioXiX.  ' 

E.y/l  -  qy  -  (1  -  q.^)  V 
\/ 1  —  /’jo"  —  Xy  Xy  Til  —  hs')  ^i~X2"  +  ^qjqjXjX^, 


P}  H-]^  1  ^'13"^  ^3^  ~L  ^*i3^'i3XiX2  I  ^*13^3^1  ^*13^1" 


13 


/3 


where 


Z’.T  /q  q.iXjXj  —  Zr,  1  —  Xj"  -j-  h3^'i3AiA' 

O-o  ~  0-1  /3  CTj  /3  •  ■  ■ 

/3  =  1  —  ?qy  —  Xy  ■ —  Xy  -fi  (l  —  )  d” 


(cxii.), 


Similarly,  if  the  original  population  and  the  curve  of  probability  of  surviving 
or  of  survival  rates  be  given,  xve  have  to  find  the  selected  population  : 


l'i2  = 


.y/1  +  V~K^~  y/I  +  ^“ 


(cxiii.), 


*  If  j'lo  =  cos  d,  ^12  =  cos  D,  /j.  =  sill  D  /  .sin  d.  The  quantity  D  has  been  conveniently  termed  the 
“divergence"  by  Mr.  Sheppard.  Hence  /a  is  the  ratio  of  the  sines  of  the  selected  and  unselected 
divergences.  The  above  formula  for  pu  can  be  at  once  changed  into  one  suitable  for  trigonometrical 
logarithmic  calculation.  Let  sin  xi  =  /xXj,  sin  0.0  =  yAo,  and  ^12  =  cos  8;  then,  if  A  be  the  side  of  the 
spherical  triangle,  of  ivhich  ai,  ao  are  the  other  sides  and  8  the  included  angle  : 


c-i.i  1  X  _ 


sin  (D  -  A)  sin  -J  (D  +  A) 
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▼  J.  '/  -I  o" 


+  (1  —  Pu)  «■? 


V 


v/i  —  +  K-\  +  ^3“  T  (1  Pu  ) 

Sav/l  —  ’’12^  _+  (1  —  Pi^)_^\ 


\/ 1  —  "i"  ^1"  ^3^  H~  (1  —  Pvi') 

Hi  _  /.  1  1  —  +  /CjS  —  Pio'Oa/Ci/Cj  ^  ^  r/c^  —  pi^jc^ 


'I  cr  I  7  0-07 


Flo  Fji  Pl2^1^2  I  ^*'-2  1  O3"*  T  Pl2^  12^1^2 


+ 


Co 


7  CTo  7 

-1  ‘7  I  7]  ^1/1  O."*  ^-y  __  __ 

y  —  1  —  ^’iN  I  “r  ■'r  (  '  —  Pi^  } 


(cxiv.), 

(cxv.), 

(cxvi.), 

(cxvii.), 


(14.)  Illustration. — The  following  results  are  taken  from  the  paper  by  Miss  Alice 
Lee  and  myself  already  cited  : — 


Fl’Cilull  J  . 

=  45  ”228  centiiir 
0-1  =  2-372 

—  33-010 


Femur 

Humerus 

Correlation  of 'j 
Femur  and  t 
Humerus  j 


cr.i  =  1-538 
=  -8421 


Aino  J . 

40-770  centims.  =  rui  +  H. 


1-808 

29-502 

1-343 
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- 

=  +  H^. 

_ 


-8584  =  Uo. 


As  indicated  by  the  symbols  above,  let  us  select  from  the  French  a  pojDulation 
haviiip-  the  same  femur  and  humerus  relations  as  the  Aino. 

O 

We  have  at  once  : 


Whence  we  hnd  ; 


-  4-458, 

H,  =  - 

3-5O8, 

\i  = 

-80017,  Xo  = 

jj?  =  -9047. 

-87321, 

-9027, 

'  -^'i  — 

3-4870, 

5o  =  2-8736, 

/y  =  -  17-8464,  T.  =  -  15-8547, 

—  208,425  ^  > 


where  n  are  the  number  of  Ainos  which  can  be  obtained  from  N  Frenchmen. 
We  have  accordingly  the  following  form  for  the  surface  of  fitness  to  survive  : 


SFJiECTTON  OX  THE  YARTABTLTTY  AND  CORREI.ATTON  OF  ORCANS. 


55 


p  =  208,425  -  expt.  -  ^  ‘222050  (.r  +  17-8404)2  +  -320,900  (vy  +  I  5-8547)" 


-  -480,450  (x  +  17-8404)  (?/ +  15-8547)  ^ 


Now  it  is  clear  that  if  we  wanted  by  a  “  catastrophic  ”  selection  to  convert  the 
French  into  something  resembling  the  Aino,  we  should  have  to  give  the  least  deatli- 
rate  to  those  French  with  femur  corresponding  to  7n^  -|-  and  humerus  to  m.,  +  k.,, 
or  to  the  dwarfs  with  femur  =  27-382  centims.  and  humerus  =  17-155  centims.  I 
By  no  other  means  coidd  we  shift  the  modal  value  of  the  French  population  down  as 
low  as  the  Aino  modal  value.  The  physical  meaning  of  this  is  that  we  have  lieen 
compelled  to  put  on  an  excessive  death-rate  for  the  bigger  Frenchmen. 

An  interesting  point  of  our  work  is  that 


l\=  1-2514  H,  A  3-4971  FI., 

k.  =  -  1-0269  Fl^  +  5-8242  H., 


whence  we  see  that  while  a  selective  reduction  of  humerus  is  far  more  effective  in 
reducins:  hotlr  femur  and  humerus  centres  of  survival  than  a  reduction  of  femur,  a 
selective  reduction  of  femur  occurring  contemporaneously  with  that  of  the  humerus 
actually  tends  to  raise  the  centre  of  the  humerus,  i.e.,  the  coefficient  of  H,  is 
negative. 

Now  let  us  consider  the  frequency  of  survivors  per  unit  length,  say  centimetre  of 
femur  and  humerus,  at  different  points.  The  surface  of  survivors,  i.e.,  the  Aino 
population,  is 

1  1  (  Cv  -  2ri,  (x  -  H,)  (V  -  HO  r.v  -  H..r  ) 

„  _ _ ^  ~  “No  1 

~  27rV2,v/(T-q,2) 

If  we  put  X  =  0,  7y  =  0  we  have  the  frequency  after  selectioi:  of  the  original 
population  type  ;  if  we  jDut  x  =  y  =  H.  we  have  the  frequency  after  selection  of 
the  new  population  type  ;  and  if  we  put  x  =  k^,  y  ■=  ly,  we  shall  have  the  frequency 
after  selection  of  those  best  fitted  to  survive.  If  these  frequencies  he  Cg,  n.,  Hj 
respectively,  we  find  on  substituting  the  numerical  values  that 

Hi  :  m  :  h,  :  :  -11  7/1  (T^  :  1  ;  -032289. 

Thus  the  most  frequent  type  of  the  new  population  is  iiow  about  tliirty  times  as 
frequent  as  the  old  most  frequent  type,  while  the  type  most  fitted  to  survive  has 
practically  no  existence  at  all.  It  probably  lies  outside  the  actual  boundary  of  the 
French  population. 

Here  really  arises  the  question  as  to  how  we  are,  in  any  actual  problem,  to  fix  the 
ratio  of  7i  to  N,  or,  what  amounts  to  the  same  thing,  to  fix  a  practical  boundary  to  a 
given  population.  Such  a  boundary  must  be  conventional,  but  I  think  that  for 
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practical  pur230ses  we  are  quite  safe  if  we  assume  that  an  individual  who  occurs  only 
once  per  thousand  can  produce  no  effect  on  the  physical  evolution  of  the  population 
as  a  whole. 

Now  tlie  form  of  a  correlation-surface  for  two  organs,  x  and  y,  is 

N  -  ■>-  ^  f  ?!  -  -  ™y  +  1!L'> 

^  ~  G - /I - ^  e 

lira^a^  V  1  —  r~ 


Let  US  write  k~  = 


1 


^  _  -yi  +  jn  ;  then  K  =  a  constant  gives  a  series  of 


I  —  r-  [c7p  o-^CTj  cr,~] 
similar  ellipses  which  are  the  contour  lines  of  the  surface,  or  lines  of  equal  frequency, 
i.e.,  giving  individuals  with  equal  probahility  of  occurrence.  Let  the  equation  to 
these  contour  lines  referred  to  their  princijoal  axes  he 


Y2 


K' 


A2  +  IP 


Then  we  have  at  once  : 


1 

A- 


1 


>0 


(1  -  rh 


+ 


1  ^  ' 
I _ -r  0-2 

1  —  cri"cr;> 


or, 


1  1  1 
AHE  “  (1  -  rh'  (1  -  r2)-  “  (1  -  r^)  (TfV.d 

AB  =  cr^cTo  \/I  —  rq  A~  +  B'  =  cry  +  cr/. 


Further,  if  (f)  he  the  angle  tlie  A  principal  axis  makes  with  the  axis  of  x,  vce 
have 

tan  2(/)  =  2rcriarJ{(T^^  —  ax). 

These  fully  determine  the  principal  axes  of  the  frequency  surface.  Now  consider 
the  frequency  Ijetween  the  elliptic  cylinders  corresponding  to  k  and  /c  -f  8k  ;  we 
have  it 

=  :•'  X  27TABKdK  =  ,t  X  277crifro  \/ 1  —  kc/k  =  Ne~'*'K(/K. 

Hence,  if  N^  l^e  the  frequency  outside  any  contour  k, 


N,  =  N  I*  e-'-’KcU  =  Nc-’--’  . 
For  N^  to  he  ‘ximo  ^  have  simply 


0 


- ,  whence  k  —  3 •"16,923. 

log  e  ’ 


(cxviil.). 


*  For  easy  calculation  put  y  -  J(r{^  +  0-2'^,  tan  xp  =  crg/a-i.  Then  we  have  at  once  if  r  =  cos  D  : 

A  =  y  cos  X)  B  =  y  sin  X) 

sin  2x  =  sin  21/-  sin  D,  tan  24>  —  tan  2\p  cos  D. 


where  : 
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This  will  enable  us  to  determine  our  conventional  boundary  to  eftective  population. 
Now  let  us  refer  our  non-selected  and  selected  populations  to  their  centres  and 
princijDal  axes. 

We  find  for  the  contour  curves  : — 


Hnselectecl  Population 
(/.o,  French). 

Selected  Population 
{i.c.,  Aino). 

Surface  of  Survival 
(f.c.,  Rate  of  Survival). 

;c  centre  (femur)  .... 
ij  centre  (humerus)  . 
tan  0  (slope  to  a’) . 

Principal  axes  g 

1  in  1000  limit/ *  ’ 

(_  kL  . 

45 ■ 228 
.3.3-010 
•601,3775 
2-7338 
•7197 

10-1615 

2-6750 

40  -  770 

29-502 

•670,1454 

2-2514 

•5808 

8-3682 

2-1588 

27 • 382 

17-155 

•807,3371 

4-4115 

•9775 

Referred  to  its  principal  axes,  the  rate  of  survival  is  now 


p  =  208,425  ^  e 


' 

04-41  (-O??')) 


2  \ 


Suppose  we  require  to  get  at  least  1000  Aino  out  of  the  French  popidation,  N,  then 
n  =  1000.  Now  suppose  the  Aino  limiting  ellipse  drawn,  then  the  French  population 
must  be  sufficiently  large  to  give  the  individuals  Inside  this  ellipse.  Now  y>  gets 
smaller  as  we  e:o  further  from  the  centre  of  the  survival  surface.  Hence  the  contour 
line  of  the  survival  surface  corresponding  to  y)  =  1  must  l:)e  touched  externally  by  tlie 
limiting  contour  of  the  Aino  population,  in  order  that  we  may  get  at  least  1000  Aino 
out  of  N  Frenchmen.  Now,  hj  a  graphical  construction,  I  find  the  major  axis  of  tlie 
ellqAic  contour  line  of  the  .survival  surface  which  touches  tlie  Aino  limiting  ellipse,  is 
about  11 '44.  This  gives  for  the  parameter  Ky  of  this  ellipse,  /c,  X  4'1  149  =  11*44,  or 
Ky  =  2*5932.  Whence  ; 


p.,  =  I  =  208,4-25  ~  e-se-snw 


gives  the  greatest  po.ssible  value  p  and  the  least  possible  value  of  N.  Numerically 
this  gives  us  N  =  7,200,000  about,  or  we  should  want  more  than  7,000,000  of 
Fi'enchmen  to  obtain  our  1000  Aino  by  a  catastrophic  selection.  The  actual  bounding 
contour  line  of  this  least  possible  number  of  Frenchmen'^  has  for  its  major  axis 
15*285  centims.,  and  it  touches  the  Aino  limiting  ellipse  at  the  point  where  it  is 
touched  by  the  .survival  contour  p  =  1. 

Now  let  us  turn  the  problem  round  and  ask  what  is  the  least  population  of  Aino 

*  Tlie  least  possible  to  reproduce  the  jViiio,  as  far  as  femur  and  humerus  are  concerned,  to  1  in  a  1000 
of  the  population. 
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from  which  we  could  produce  1000  Frenchmen  by  a  catastroj^liic  selection.  In  this 
case  the  surface  of  survivals  is  simply  oldained  by  inverting  p,  and,  if  N'  he  the 
number  of  Aino,  n  =  1000  =  recpiired  number  of  Frenchmen,  we  liaA’e  ; 


p  = 


n 


y‘ 


208,425  X 


e'‘  I  (4-4115)2  (-9775)2) 


Here  p'  gets  larger  as  we  go  away  from  the  centre  of  the  surface  of  survivals, 
and  we  must  therefore  make  the  French  limiting  ellipse  just  touched  internally  by 
the  contour  line  of  the  surface  of  survivors  for  which  p'  =  1.  The  major  axis  of  this 
contour  line  for  p'  ==  1  was  found  liy  a  graphical  process  to  Ire  about  33 ‘91.  This 
gives  for  k.^ 

K,  X  (4-4]]r))  =  33-91,  or  ko  =  7-6867. 


Thus  : 


=  1  = 


1000  1 


208,425  X 


-  (7 -6807)- 

/  5 


leads  to  N'  =  32,460,000,000  about,  or  we  should  want  upwards  of  32,460,000,000  of 
Aino  to  produce  the  1000  Frenchmen.  The  bounding  contour  line  of  this  number  of 
Aino  has  a  major  axis  of  15-890  centims.  about,  and  touches  the  French  limiting- 
contour  in  the  point  in  which  it  is  touched  liy  the  j)'  =  1  contour  of  the  surfiice  of 
survivals. 

Now  the  difterence  between  these  two  unselected  po])ulations  is  very  great.  We 
see  that  to  get  the  Aino  a  very  great  number  of  Frenchmen  woidd  have  to  be 
exterminated,  about  7000  for  each  Aino  selected;  but  to  get  the  Frenchmen  from 
the  Aino  an  appalling  number  of  Aino  w'ould  have  to  be  destroyed,  ujiwards  of 
32,000,000  for  eacli  Frenchman  selected.  Even  if  tlie  selection  were  not  catastrophic 
hut  s})read  over  centuries  and  centuries,  we  must  recognise  what  a  large  consumption 
of  life  there  must  lie — individuals  destroyed  without  progeny'^ — if  we  are  to  suppose 
any  highly  civilized  race  like  the  French  produced  liy  selection  from  an  apparently 
primitive  ty})e  like  the  Aino.  Indeed,  the  return  journey  in  this  case  seems  much 
easier  than  the  upv-ard  ascent.  Beyond  all  this  we  have  only  made  French  and 
Aino  alike  for  two  organs,  and  only  for  one  character  of  each  of  them  !  Allowing  for 
our  conventional  limit  to  the  population,  allowing  for  the  fact  that  our  Aino  data  are 
drawn  from  a  very  limited  })opulation  of  remarkably  small  varial)illty,  it  seems  very 
improbable  that  the  Frencli  have  ever  been  produced  l)y  selection  from  a  primitive 
race  at  all  resembling  the  Aino.  Tlie  fact  that  the  Aino  could  be  so  much  more 
easily  obtained  by  selection  from  the  French  seems  to  indicate  that  they  are  rathei- 

*  Of  course,  with  a  secular  selection  spread  over  many  generations,  it  is  hu’gely  the  potentiality  and  not 
the  actuality  of  life  Avhich  is  destroyed.  Still,  while  the  gross  numl)cr  killed  among  a  small  ja'iniitive 
community  may  not  he  large,  the  death-rate  must  still  be  immense.  I  hope  to  return  to  these  points 
when  dealing  with  secular  selection  as  distinguished  from  catastrophic  selection. 
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some  degenerate  offshoot  of  a  race  superior  to  themselves  than  a  sample  of  the 
primitive  people  from  whicli  the  Circassian  races  may  be  supposed  to  have  sprung. 

I'lie  whole  of  this  discussion  is,  of  course,  very  hypothetical ;  no  stress  whatever  is 
to  he  laid  upon  it  except  as  an  illustration  of  method,  and  a  rough  ajDpreciation  of  the 
vast  amount  of  elimination  which  must  he  necessary  to  evolve  one  race  from  a  second 
in  tlm  case  of  organs  which  we  know  by  measurement  to  have  continuity  of  variation, 
and  only  saltatory  changes  in  pathological  cases,  which  have,  as  far  as  we  can  judge, 
no  influence  on  the  mass -evolution  which  has  produced  the  local  races  of  mai]. 

But  given  fair  samples  of  material  our  method  will  enable  us  to  determine  whether 
a  race  A — for  of  course  a  limited  number  of  characters — could  with  less  destruction  be 
deduced  from  a  race  B,  than  the  race  B  from  A.  It  will  not  therefore  follow  that  the 
path  of  least  selection  is  that  which  necessarily  was  used  by  Nature.  Possibly  both 
A  and  B  have  been  reached  by  far  less  expenditure  of  material  from  C.  Still  it  is 
something  definite  in  the  midst  of  our  gropings  after  truth  in  problems  of  descent  to 
have  even  a  rough  appreciation  of  the  amount  of  selective  destruction  wliich  would 
arise  from  alternative  suo-o-estions.  That  is  why  this  special  numerical  illustration  of 


0& 


the  surface  of  survival  has  been  given. 

The  reader  will  possibly  find  the  matter  rendered  somewhat  clearer  by  the  diagram. 
The  femur  is  measured  alon!>'  the  horizontal  and  the  humerus  alontj  the  vertical. 
A  is  the  type  or  mean  femur-humerus  of  the  Aino  population.  ^yithin  in  the 
continuous  ellipse  rornid  A  the  whole  Aino  popidation  up  to  1  in  1000  would  fall. 
F  is  the  type  of  the  French  population  and  the  continuous  ellipse  round  F  gives  the 
area  within  which  up  to  1  in  1000  of  the  French  population  fall.  Since  the  diagram  is 
drawn  to  centimetres  of  the  bones,  it  will  be  seeji  liow  very  small  are  the  limits  of 
variation  within  both  populations.  P  is  the  ceiitre  of  the  surface  of  survivals  ;  for  the 
selection  of  Aino  from  French  it  makes  the  “  fittest  to  survive.”  In  the  case  of  the 
selection  of  the  French  from  the  Aino,  P  is  no  longer  the  centre  of  fitness,  but  the 
“  centre  of  unfitness”  ;  the  Aino  are  killed  ofi‘  with  an  intensity  which  increases  the 
closer  we  approach  to  P.  Now  it  seems  to  me  that  these  two  cases,  which  are  cjuite 
distinct  in  theory,  ought  to  manifest  themselves  in  Nature  and  require  distinguishing 
names.  A  race  may  be  modified  because  a  complex  of  organs  with  a  certain  system 
of  values  is  good  for  it,  or  because  it  is  bad  for  it.  The  race  may  be  modified  because 
a  certain  element  of  it  is  fittest  or  because  it  is  unfittest  to  survive.  In  the  former 
case  we  select  for  survival  round  the  centre,  in  the  latter  case  we  select  for  destruction. 
I  propose  to  call  these  cases  -posit iv('  and  negat-ive  selection  respectively.  It  may  he  said 
that  if  there  be  positive  selection  in  one  part  of  the  population  there  will  he  negative 
in  another.  But  the  kernel  of  the  matter  is  in  either  case  the  existence  of  a  centre, 
a  definite  set  of  most  fit  or  of  most  unfit  organs,  while  in  positive  selection  the  less  fit 
organs,  and  in  negative  selection  the  more  fit  organs  are  distributed  over  wide  areas 
of  the  field,  and  do  )iot  reach  a  maximum  of  unfitness  or  a  maximum  of  fitness 
respectively  for  any  definite  individual. 
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In  the  diagram  Ave  have  also  drawn  the  contour  line  to  which  the  French  jiopulation 
must  extend  if  we  are  to  get  at  least  a  representative  population  of  1000  Aino  from 


it,  and  further  the  contour  line  to  which  the  Aino  population  must  extend  if  we  are 
to  get  at  least  a  representative  population  of  1000  French  from  it.  A  consideration  of 


SELECTION  ON  THE  VAlHAEILTrY  AND  COEEELATION  OF  ORGANS. 


G1 

tlie  nature  of  tlie  contour  lines  of  the  surface  of  survivals  shows  tliat  the  contour  lines 
above  referred  to,  and  marked  “boundary”  in  the  diagram,  must  touch  the  Aino  1  in  1000 
limit  and  the  French  1  in  1000  limit  respectively  at  the  p(nuts  in  Avhich  they  are 
touched  by  tlie  contour  lines  p  —  1  and  p'  =  1  of  the  corresponding  surfaces  of 
survivals.  I  have  already  indicated  that  the  major  axes  of  these  hoimdaries  ai-e 
15 '2 8 5  for  the  French  aiid  15 ‘8 90  for  the  Aino.  The  corresponding  values  of  the 
parameter  k  are  respectively  given  by 


15-285' 

2-7:3^38 


=  5-5911,  ^1^  =  7-0578. 


Hence  by  (cxviii.)  Ave  can  easily  find  the  frequency  of  population  outside  the 
ccntnurs  Kir  and  k^;  if  these  be  vy  and  Ave  have  : 


-000,000,163,  vji  =  -000,000,000,015. 

'flius  the  French  population  Avould  liave  to  he  extended  tt)  a  boundary  in  Avhich  only 
about  1  in  six  millions  AA^as  excluded,  and  the  Aino  jiopulation  to  a  boundary  excluding 
only  15  in  the  billion!  The  boundaries  of  Avhat  Ave  may  thus  term  the  selection 
populations  are  far  lai-ger  than  our  conventional  boundaries  of  1  in  1000  for  represen¬ 
tative  popidations.  In  fact,  it  AAmuld  be  impossible  to  select  a  representative  Aino 
population  from  a  coiiA^entional  representatiAm  French  jiopidation  and  vice  versa — in 
either  case  the  very  excejitional  members  of  French  oi-  Aino  populations  are 
required  to  complete  the  conventional  representatwe  populations  of  Aino  or  French 
by  selection. 

(15.)  I  have  devoted  most  of  my  consideration  of  the  surface  of  survivals  to 
a  })articular  case  in  Avhich  tAvo  organs  have  1)een  selected,  and  Ave  consider  the  nature 
(.)f  p  Avhich  determines  the  fraction  of  each  group  of  individuals  Avhich  survives. 
1  liaAm  done  this  partly  because  normal  surfaces  are  at  best. only  an  approximate 
representation  of  our  selectable  and  selected  distributions,  and  partly  because  I  have 
thought  a  concrete  case  Avould  best  la-ing  out  the  general  points  of  investigations  of 
this  kind. 

But  some  little  indication  of  the  properties  of  the  surface  of  survival-rates  ought 
to  he  indicated  here,  or  it  may  appear  that  they  have  been  overlooked.  While  the 
contour  lines  of  the  correlation  frequency  surfaces  for  two  organs  must  be  ellijises,  this 
does  not  folloAv  in  the  case  of  the  surface  of  survival-rates.  In  our  illustration  they 
AA^ei-e  ellipses,  but  they  may  be  also  parabolas,  hyperbolas,  or  even  straight  lines. 
We  must  not  therefore  expect  to  find  always  a  “centre”  of  positive  or  negative 
selection.  We  may  come  across  a  “saddle-back  system  ”  of  contours  Avith  the  rate 
of  survival  constant  along  two  intersecting  lines,  but  rising  in  one  pair  of  opposite 
angles  and  falling  in  the  other  pair.  In  this  case  Ave  have  fields  of  negative  and 
positive  selection  separated  by  tAvo  independent  relations  between  the  two  organs, 
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which  ai'e  linear  and  for  which  the  survival-rate  is  the  same,  they  may  be  termed  the 
“  critical  lines/’  For  one  pair  of  angles  the  centre  is  now  a  “  centre  of  fitness,”  for 
the  other  pair  of  angles  a  “  centre  of  nnhtiiess.”  It  seems  to  me  that  these  critical 
organic  relations  may  possess  considerable  biological  importance. 

If  the  contour  lines  of  tlie  surface  of  survival-rates  are  parabolas,  we  have  really 
only  a  limiting  case  of  the  centre  at  a  very  great  distance.  It  is  one  in  which  the 
fittest  (or  most  unfit)  has  no  practical  existence,  but  there  is  a  direction  towards 
which  the  rate  of  survival  will  be  found  to  be  always  increasing  or  decreasing. 

If  the  contour  lines  of  the  surface  of  survival-rates  are  parallel  straight  lines,  then 
so  long  as  the  deviation  in  one  organ  lias  a  certain  definite  relation  to  that  in  the 
other,  the  survival-rate  will  remain  constant.  In  this  case  the  survival-rate  will 
fall  uniformly  in  one  direction  and  remain  constant  in  the  direction  at  right  angles 
to  it. 

All  the  cases  I  have  given  here  can  occur  just  as  easily  as  the  elliptic  contour 
system  of  our  illustration  and  diagram.  Each  is  marked  by  quite  definite  biological 
characteristics,  and  Ave  may,  perhaps,  class  them  as  elliptic,  hyjDerbolic,  parabolic, 
and  linear  selection.  Even  if  the  surface  of  surviA'al-rates  be  not  of  the  exponential 
quadric  type  discussed  in  this  pa|)er,  yet  to  the  neighbourhood  of  each  part  of  it 
this  classification  of  selection  types  Avill  apply. 

If  Ave  pass  to  more  than  two  oi'gans,  then  similar  considerations  Avill  apply  ;  Ave 
shall  only  be  reproducing  the  geometry  of  quadric  surfaces  in  space  of  three  and 
higher  dimensions.  But  before  Ave  alloAv  oursehes  excursions  into  the  higher 
geometry  of  the  surface  of  surviAud-rates,  it  seems  desirable  that  Ave  should  obtain 
quantitative  determinations  of  this  surface  by  experiments  in  artificial  selection. 
We  shall  then  be  better  able  to  see  Avhat  part  of  our  geometry  Avill  really  be  of 
service  for  the  |)roblenis  of  natural  selection.  The  field  is  too  large  to  be  cultiA'ated 
for  merely  theoretical  intei'ests.  We  must  fii’st  determine  Avhat  parts  of  it  are  likely 
to  have  practical  application  to  life  as  Ave  find  it,  but  of  death-rates  in  the  case  of 
any  living  f(Arni  but  man,  A\’e  are  at  present  sadly  ignorant. 
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all  values  of  tlie  selective  intensity  A. 


Selective  Correlation  Tarles, 

Values  of  7 ’05  negative. 

Table  I.  (r).  This  is  tlie  same  as  Table  T.  (a).  =  0. 

.  The  })Ossib]e  values  are  («),  (/>),  (c),  {d),  (e)  [limiting],  (/),  (g),  (  /),  (/,■).  Values  which  are  impossible,  but  whicli 

ure  tahulatesd  for  j)ur])Oses  of  interpolation,  are  (^),  [m),  (1). 
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Introduction. 

§  1.  As  a  preliminary  to  attacking  the  problem  oi  determining  the  equilibrium 
configurations  of  a  rotating  mass  of  liquid,  I  was  led  to  consider  whether  some 
method  could  not  be  devised  for  calculating  the  potential  of  a  homogeneous  mass 
in  a  manner  more  simple  than  that  usually  adopted.  What  was  obviously  required 
was  a  calculus  enabling  us  to  write  down  the  potential  of  such  a  mass  by  an 
algebraical  transformation  of  the  equation  of  its  boundary,  instead  of  by  an 
integration  extending  throughout  its  volume. 

There  was  found  to  be  no  difficulty  in  reducing  the  calculation  to  a  problem  of 
algebraical  transformation,  but  in  tliree-dimensional  problems  the  transformations 
required  were,  in  general,  as  impracticable  as  the  integrations  which  they  were 
intended  to  replace.  This  was  because  the  transformations  depended  upon  a 
continued  application  of  the  formula  which  expresses  tlie  products  or  powers  of 
spherical  harmonics  as  the  sum  of  a  series  of  harmonics. 

As  soon,  however,  as  we  pass  to  the  consideration  of  two-dimensional  problems, 
the  spherical  harmonics  may  be  replaced  by  circular  functions  of  a  single  variable. 
The  transformation  now  becomes  manageable,  and  for  this  reason  the  })resent  pa])er 
deals  only  with  two-dimensional  problems. 

The  first  part  of  the  paper  contains  a  short  sketch  of  a  theory  of  two-dimensional 
potentials.  I  have,  however,  confined  myself  strictly  to  such  problems  as  are 
required  for  the  solution  of  the  main  problem  under  discussion,  namely,  that  of  the 
rotating  liquid ;  the  method  does  not  attempt  to  be  one  of  general  applicability. 

The  Potentials  of  Homogeneous  Cylinders. 

General  Theory. 

§  2.  We  shall  suppose  the  cross-section  of  the  cylinder  of  which  the  potential  is 
required,  to  be  bounded  by  a  single  continuous  curve  S  enclosing  the  origin.  Let 
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V  be  the  potential  of  thi.s  cylinder,  supposed  to  be  composed  of  homogeneous 
matter  of  density  p. 

The  value  of  Y  must  be  finite  and  continuous  at  all  points  except  infinity,  and 
its  first  differential  coefficients  must  also  be  finite  and  continuous  at  all  points. 
Also  Y  must  satisfy  V“  =  0  at  all  points  outside  S,  and  V-  Y  =  —  47rp  at  all 
points  inside  S.  At  infinity  Y  must  vanish,  except  for  a  term  proportional  to  log  r. 

These  conditions  suffice  to  determine  A"  uniquely.  For  if  there  were  two  distinct 
solutions  A"  and  A^',  the  function  (A^  —  A"')  would  satisfy  [Y  —  A"'}  =  0  at  all 
points  of  space,  would  be  finite  and  continuous,  together  with  its  first  differential 
coefficients,  at  all  points  of  space,  and  would  vanish  at  infinity,  except  for  a  term 
proportional  to  log  r.  The  only  solution  satisfying  these  conditions  is  known  to  be 
A^  —  Y'  =  0,  hence  any  function  A"  satisfying  the  conditions  laid  down  above  must 
be  the  potential  of  which  we  are  in  search. 

§  3.  Let  us  use  polar  co-ordinates  r,  6  in  conjunction  with  orthogonal  co-ordinates 
X,  y,  and  let  us  also  introduce  complex  variables  f,  rj,  defined  by 

^  =  re‘^  =  X  +  iy,  rj  —  re~‘^  —  x  —iy. 

Let  us  suppose  the  equation  to  the  curve  S  to  be  written  in  the  form 

. (1). 

and  let  us  imagine  that  this  equation  is  solved  explicitly  f  a’  ^  in  the  form 

^=F(''7) . (:^)- 

Tn  general  F  (17)  will  be  a  multiple-valued  functic)n  of  y,  and  the  equation  (l) 
may,  and  probably  will,  be  satisfied  for  other  values  of  f  and  p  than  those  which 
occur  on  the  surface  S. 

Let  us,  however,  suppose  that  we  have  succeeded  in  finding  one  value  of  F  (77) 
such  that  this  value  is  a  single-valued  function  of  y  at  every  point  of  S,  and  is 
equal  to  Let  us  suppose  that  we  have  succeeded  in  expanding  this  value  of  F  (77) 
in  a  series  of  ascending  and  descending  powers  of  77,  these  series  each  being  supposed 


convergent  at  every  point  of  S.  Let  us  wiite 

F  (77)  =  (^(77) -f  1/7(77) . (3), 

(f)  (77)  ==  Oq  +  a^y  4-  a,y^  +  .  .  .  (4),  Q  (77)  =  ^  -f  -F  .  .  .  .  (5). 

AA^e  shall  consider  only  the  case  in  vvlheh  the  surface  S  has  the  plane  d  =  0  as  a 
plane  of  symmetry.  In  this  case  the  equation  /  y)  —  0  remains  the  equation  to 


the  curv’e  after  the  sign  of  6  is  changed,  and  we  therefore  hav^e  as  a  second  form 
of  this  ecpiation, 

=  . (6). 

There  is  therefore  a  solution  of  this  equation  expi'essing  77  explicitly  as  a  function 
of  ^  in  the  form 

y  =  F  (i)  =  (f)  {() -r  . (7) 

where  F,  cj),  xp  are  defined  by  ccpiatlons  3,  4  and  5. 
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Since  we  have  sii|)posed 
equation  (I),  the  equation 


equation  (2)  to  represent  the  complete  solution  of 


^  =  F  (£) 


(8) 


must  necessarily  represent  the  complete  solution  of  equation  (6),  if  the  meaning 
of  F  remains  unaltered.  Let  us  suppose  that  1l:e  values  of  the  multiple-valued 
function  F  (^)  (or,  what  is  the  same  thing,  F  [x  +  ^y) )  are  exhibited  on  the  appro¬ 
priate  PtiEMANN’s  surface.  The  locus  of  points  at  which  this  function  is  equal  to 
X  —  iy  (also  a  definite  and  unique  function  of  position  upon  this  Riemaiqn’s  surface) 
will  be  the  complete  system  of  points  satisfying  equation  (6),  and  will  therefore 
include  the  curve  S.  I’his  curve  will  not,  howeAmr,  be  draAvn  upon  a  plane,  but 
upon  a  Rieaiann’s  surface. 

Now  so  long  as  the  curve  S  does  not  possess  a  cusp  or  branch  point  we  have  at 
eA'ery  point  of  S, 


<'!•  If) 

(I  (.1  —  i//) 

'U 

d  (.>■  •+  iji) 

and  hence  it  fidlows  that  no  branch  point  of  the  PiIEMANn’s  surface  can  lie  on  the 
curve  S.  Let  the  curAm  S  be  a  single  closed  cui'Am  surrounding  the  origin,  and  it 
folloAA^s  that  Ave  can  ahvays  so  arrange  the  Piemann’s  surface  that  no  branch  line 
shall  intersect  the  curAm  vS.  In  this  case  it  is  possible  for  a  .solution  of  the  form  of 
equation  (6)  to  satisfy  at  eA’ery  point  of  the  curve  S,  the  curve  uoaa'-  l)eing  regarded 
as  a  closed  curve  lying  on  one  sheet  of  a  Riemann’s  surface.  By  simply  Interchanging 
the  axes  of  y  and  —  y  Ave  can  imagine  the  fVmction  F  (t;)  represented  on  the  same 
Riemann’s  surface,  and  Ave  see  tliat  at  eAmry  point  on  the  old  curve  S  Ave  shall  haAm 
f  =  F(t7)  =  4>{y)  +  xlj{r]). 

We  have  therefore  proAmd  that  if  a  jiarticular  solution  of  the  foim  of  equation  (3) 
can  be  found  to  represent  the  curAm  S,  then  solution  (7)  aauII  rejiresent  the  same 
curve.  We  haAm  also  seen  that  if  a  family  of  curves  is  described  by  continuous 
deformation  starting  from  some  cui'Am  Sq,  the  general  solution  can  1)6  arriAmd  at  by 
continuous  variation  starting  from  the  solution  for  the  curve  50  long  as  no 
member  of  the  family  ymssesses  a  cusp  or  branch  point.  For  our  present  purpose 
it  is  sufficient  to  haA’e  proAmd  that  if  AA-e  haAm,  at  every  point  of  the  surface  S, 

^  z=  (P  (y)  xjj  {f .  (9), 


then  Ave  haAm  also,  at  every  jioint, 

y  =  <p{^)  ii) 

Let  us  now  introduce  a  new  function  y  defined  by 


X  =  0  +  (pi  f)  cU 


^  (f )  +  4>  iv)  —  I  rp  {y)  dy 

j  -0  R 


?y 


AAdiere  C  is  a  constant. 

We  haAm  by  differentiation, 

^  (0  +  ^  •  •  (12),  dxfy  =  (p  {y)  +  xp  {v)  —  ^  . 

and  therefore  at  the  surface  S,  by  equations  (9)  and  (10),  9x/9^  =  ^x/^y  =  0. 


(10). 

(II). 


(13). 
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It  follows  that  X  ^  constant  value  at  the  surface  S,  and  this,  l)y  a  suitable 
choice  of  the  constant  C,  may  he  taken  to  Ije  zero.  Also  it  follows  that  cy/0n  =  0 
at  all  points  on  the  surface  S,  where  c/dn  denotes  differentiation  with  respect  to  the 
normal.  We  therefore  have  at  every  point  of  the  surface  S 

. dx/cn=0 . (15). 

§  4.  Let  us  denote  the  potential  at  a  point  inside  the  surface  S  by  Y,-,  and  that  at 
a.  point  outside  S  by  Yq.  Let  us  examine,  as  a  trial  solution  for  Y, 

Y,  =  7Tp  \ C  +  [  (^  (I)  +  [  (f)  {t])  dr]  —  £77! . (16), 

I  J  0  -  0  J 

1 (f)  'A  (^)  j . (!')• 


Since  77  =  the  greatest  value  of  [77 1  at  any  point  on  S  is  equal  to  the  greatest 
radius,  say  which  can  be  drawn  from  the  origin  to  S.  Since  the  series  ^  (77)  is, 
by  hypothesis,  convergent  for  all  points  on  the  boundary,  it  follows  that  the  radius  01 
convergence  of  the  power  series  (f)  (77)  must  be  greater  than  and  hence  that  (77)  is 

■V 

convergent  at  all  points  inside  the  surface S.  Hence  also  (f)  (77)  c/77  i^^ust  be  convergent 

-  0 

at  all  j^oints  inside  S.  The  same  is  obviously  true  if  i  is  written  instead  of  77,  Hence 
it  follows  that  if  Y^  is  defined  by  ecjuation  (16),  then  Y;  and  its  first  differential 
coefficients  will  be  finite  and  continuous  at  all  ^joints  inside  S. 

In  a  precisely  similar  manner  it  can  1)e  shown  that  if  Yq  is  defined  by  ecpiation  (17), 
then  Yq  will  be  finite  and  continuous  at  all  points  outside  S  except  at  infinity,  and 
that  the  first  differential  coefficients  of  Yq  will  be  finite  at  all  j^oints  outside  S. 

From  what  has  been  said  it  follows  that  A"q  and  Y^  are  finite  at  the  boundarv. 
Tlie  value  of  Y-  —  Yq  at  the  l)Oundary  is  7rpy,  and  tliis  vanishes  by  equation  (14). 
Hence  Y  is  finite  and  continuous  at  all  points  of  space  (except  infinity). 

Since  the  series  (f>  {rj)  and  xjj  [rj)  have  been  supposed  to  be  convergent  on  the 
boundary,  it  follows  that  the  first  differential  coefficients  of  Y  must  be  convergent  on 
the  boundary,  and  hence  that  these  differential  coefficients  are  finite  at  all  })oints  ot 
space.  At  the  fioundary, 

0^  i/on  —  0Vq/0;;  =  irp  cx/o)2  =  0, 


by  equation  (15).  Hence  it  follows  that  the  first  differential  coefficients  of  Y  are 
finite  and  continuous  at  all  points  of  space. 

At  a  point  inside  S, 


vA"  =  vAb  =  47rp  010^  {c;  +  ^<^(0  (^)  —  ^}  =  - 


and  similarly  at  a  point  outside  S, 


VA^  =  YA^q  =  47rp 


0^  07; 


^  (^)  d^-\-  I  Q  (77)  (/77  I  =  0 
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Lastly,  by  actual  integration,  we  find  as  the  value  of  from  equation  (17), 

V„  =  ,rp{-6,(logf+log,)  +  6,(^  +|)  +  P3(-p  +Y)  +  --.}  (18). 

The  term  —  h-^  (log  ^  +  log  rj)  may  be  replaced  by  —  2h^  log  ?* ;  hence  V  vanishes  at 
infinity,  except  for  a  term  proportional  to  log  r. 

We  have  now  seen  that  V  satisfies  all  the  conditions  which  must  be  satisfied  by  a 
potential ;  hence  the  potential  will  be  given  by  equations  (16)  and  (17). 

§  5.  Calculated  by  direct  integration,  the  value  of  Vq  is 

Vo  =  -  p  II  log  ^h^'dr'dd', 


where  the  integration  extends  throughout  the  cross-section  of  the  cylinder,  and  R  is 
the  distance  of  the  point  6  at  vdiich  the  potential  is  being  evaluated,  from  the 
point  r',  6'  of  the  cylinder.  We  have 

R2  =  -  2rr'  cos  {9  -  6')  =  [r  -  (r  - 


Now  if  I  I  >  I  t''  I  ,  we  have 
log  (/’  —  =  log  r  +  log  ( 1 

and  hence 


=  log  r 

j  ^ 


r'd^' 


i 

n 


rc 


■ue 


log  Pt"  =  2  log  r 

O  O 


I'r'd^'  ^  r'e 


.,,ie 


rt' 


re 


60' 
i6  J 


5 


Upon  integration  we  obtain 


V,=  -p  2logr  r'd/dO'  - 


(-i 


r'-d^'d/dd'  -p  ^||  r'V-'U/r'd^M  - 


.  .  .J 


(19). 


The  cylinder  being  symmetrical  about  the  plane  ^  =:  0,  we  have 

II  d'^d^'dr'de'  =  II  =  f|  d-  cos  O'd'r'dB', 


and  hence  equation  (19)  becomes 

Yq  =  —  p  (log  f  -f  log  Tj)  II  r'dr'dd'  +  p  ||  r'"  cos  6'dr'd6'  +  .  .  .  (20). 


Let  the  area  of  the  cross-section  be  A,  and  its  centre  of  gravity  be  at  X‘  =  ot, 
so  that 

A  =  [|  r'dr'de'  Aa  =  II  d-  cos  d'ddde  ; 

then  equation  (15)  becomes 

Yq=  -  pA  (log  ^  -f  log  rj)  +  pAa  +  -Ij  +  .  .  .  . 

Comparing  this  with  equation  (18),  we  find  that 

A  =  7r6j . (21),  Aoc  =  7760  ........  (22). 

These  last  two  equations  enable  us  to  find,  by  a  process  of  algebraical  transfor¬ 
mation,  the  cross-section  and  the  centre  of  gravity  of  the  cylinder  whose  boundary  is 
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given  by  equation  (1).  I  have  made  no  attempt  to  discuss  these  results  from  the 
point  of  view  of  pure  mathematics ;  we  therefore  pass  at  once  to  some  simple 
illustrations  of  our  theory. 


Circu lav  Cy I i n d e ? \ 

§  6.  Let  us  attempt  to  find  the  potential,  cross-section,  and  centre  of  gravity  of  the 
cylinder,  of  which  the'  cross-section  is  the  circle 

~  c)'  +  .V~  =  f'"' . (-3)> 

or,  in  polar  co-ordinates, 

r-  =  cr  -f  lev  cos  6  —  c~ . (2-1). 

The  7]  equation  to  this  curve  is 

=  ((--  +  c  +  v)  —  c- . (25), 

or,  solving  explicitly  for  f, 

f  =  c  +  cd;{r)  —  c). 

Now  the  minimum  value  of  |  |  which  can  occur  on  the  curve  is  a  —  c,  and  this  is 

greater  than  c  if  a  >  2c.  In  this  case  we  have 

1  If  c  d  \ 

=  ^  +  •••’ 

rj  —  a  7]  \  7]  rj~  j 

and  therefore  the  solution  for  *  is 

n  /  n  s  on 

,  fr  ,  c  ,  c-  ,  \  ,  rr  ,  ca~  , 

^  —  c+~(lH - h~r+---)  —  c-f-  - ^ 

7/  \  7j  7j-  /  7)  7]-^ 

We  accordingly  have 

V.  =  7rp[C+c(f-h7?)-|p] . (26). 

V,  =  I  -  cr  log  f,  4-  (A  -h  I)  -Fi  c-V  (A  +  U  +  .  ,  , }  ,  (27). 

A  =  ttcA  Aa  =  Ticcd. 

If  we  determine  C  fi'om  the  condition  that  Vq  and  shall  become  equal  at  the 
boundary,  we  have  the  known  values  for  Vq,  V;.  The  equations  for  A  and  a.  reduce 
to  A  =  TTO",  a.  —  c,  and  these,  again,  are  obviously  in  agreement  with  the. 
known  results. 


Ellijjtic  Cylinder. 

§  7.  Let  us  next  find  the  potential  of  the  elliptic  cylinder 

ax^  +  hy-  =1 . (^8). 

The  7}  equation  to  the  surface  is 

{a  —  />)  (4-''  "h  77")  -f-  2  {a  -f-  1>)  ^7]  =  4, 

or,  solving  explicitly  for 

I  I  ~  .^)  d  "1"  +  I  («  •  •  •  •  (-^)- 
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At  points  on  the  boundary  the  minimum  value  of  4ah  j  |  is  4o  ;  hence,  provided 
a"  >  (a  —  hy,  a  convergent  expansion  for  ^  is 


a  —  h 


[a  h) -q  -j-  '2  y^/ {ah)  77  ^  1  ^ 

a  —  h 


f  ^  1  a  -  h  _  T  (a  ~  If 
\  ‘'  ~  abr)^  “ 


a  —  y/b  1 

~^a-[-y'b'^  y/{((b)T] 


1 

4 


(aljfhf 

From  this  expansion  we  oljtain  at  once 


] 


•  •  (30). 


V,  =  - 


2tvp 


+  y/& 


(  v/ “T  \/ %') 


A  = 


TT 


a  =  0 


(31) 


W  e  can  obtain  Yq  in  series  at  once;  if  Ave  require  its  value  in  finite  teims  we  may 
proceed  as  follows  : — 

From  equation  (30), 


Yn  = 


^p\ 

=  7rp) 


7,  \  v/(rt&)  V 

>)  vl' 


—  A  ‘  +  •  •  •  +  same  function  of  A 

('<«)■  ■'/  / 


c/t^ 


-h  same  function  of  ^ 


=  Ah  i  -  V  +  2  +  4  (a  -  b) 


3^/ («?>)  7^  +  a 4-  4  (a  —  1>)| 

+  same  function  of  ^ .  .  .  (32). 

The  results  obtained  agree  with  the  knoAvn  resnlts  if  y/a  and  y/h  are  taken  of  the 
same  sign.  There  is  a  second  solution,  obtained  by  changing  the  sign  of  one  of  these 
roots,  and  this  corresponds  to  a  mathematical  ellipse  of  Avhich  one  axis  is  negative. 
The  full  significance  of  this  Avill  appear'  later. 


+  (7A,'»U 


Expansion  in  Powers  of  a  Parameter. 

§  8.  When  the  equation  to  the  .surface  is  of  a  degree  higher  than  the  second,  it  will 
not,  in  general,  be  possible  to  obtain  a  solution  in  finite  terms  of  the  form  of  equation  (29). 
Suppose,  hoAvever,  that  the  surface  forms  one  of  a  family  of  surfaces,  the  family  being 
descrifjed  by  the  variation  of  a  parameter  c,  and  let  this  family  be  chosen  so  that  the 
surface  c  =  0  is  one  for  which  the  complete  solution  is  known.  Then  as  we  know 
the  value  of  ^  when  c  =  0,  Ave  sliall  assume  that  it  Avill  be  possible  to  find  the  general 
value  of  ^  in  a  series  of  ascending  poAvers  of  c,  and  the  equations  determining  the 
various  coefficients  of  c  will  have  a  unique  solution. 

VOL.  cc. — A. 


L 


74 


MR.  J.  H.  JEANS  ON  THE  EQUILIBRIUM 


The  solution  for  ^  will  be  a  function  of  -q  and  c.  The  maximum  values  for  [  -q  \  and 

—  will  therefore  be  functions  of  c,  and  will  be  expressible  as  series  of  ascending  powers 

of  c.  Substituting  these  values  respectively  in  {rj)  and  Q  (p),  we  obtain  two  series 
in  ascending  jDOwers  of  c.  Let  the  radii  of  convergence  of  these  two  series  be  and  Co 
respectively.  Then  (p  (rj)  is  convergent  inside  and  over  the  boundary  jDrovided  c  <  C| 
and  xjj  (t])  is  convergent  outside  and  over  the  boundary  provided  c  <  c^.  The  solution 
for  ^  found  by  expansion  in  jDowers  of  c  wiU  satisfy  the  conditions  which  it  is  assumed 
to  satisfy  in  §  3  so  long  as  c  is  less  than  the  smaller  of  the  two  quantities  Cj  and  Co. 

§  9.  Let  us  supj)ose  our  solution  in  powers  of  c  to  have  been  obtained.  The  values 
of  V,'  and  Vq  can  be  regarded  as  power  series  of  the  variables  £  or  p,  and  as  such  wHl 
liave  circles  of  convergence  in  space,  having  the  origin  as  centre.  Let  V,-  be 
convergent  inside  a  circle  of  radius  R^,  and  Vg  outside  a  circle  of  radius  R^.  When 
c  =  0,  R^  <  Ri ;  the  circle  Rj  being  wholly  inside,  and  the  circle  R^^  being  wholly 
outside  the  surface  S.  When  c  reaches  the  value  Co,  the  circle  Ro  touches  the  surface 
S  ;  and  for  values  of  c  greater  than  Co,  the  circle  Ro  either  intersects,  or  lies  outside, 
the  surface  S. 

Suppose  that  Cjj  <  :  then  for  values  of  c  such  that 

Co  C  Cj 

the  circle  R^  lies  wholly  outside  S,  while  the  circle  R.,  does  not  lie  wholly  inside  S. 
Thus  if  V/  and  Vg  are  defined  by  the  same  power  series  which  have  been  found  for 
them  for  values  of  c  less  than  Co,  V;  will  be  convergent  at  all  points  inside  S,  but  Vg 
will  not  l)e  convergent  at  all  points  outside  S.  We  have  now  to  inquire  whether  it 
is  possible  for  V,  to  give  the  true  value  of  the  internal  potential,  even  when  the  series 
found  for  Vg  fails  to  represent  the  external  jDotential. 

Let  the  equation  to  the  surface  be  written  in  the  form 

f  {trj,  c)—  0 . (33), 

and  let  the  solution  be  v’ritten  in  the  form 


^  z=  c)  -ir  xjj  {q,  c) . (34). 

We  shall  only  consider  the  case  in  which  c  <  c^,  so  that  oui'  former  function  (p  (q)  is, 
by  hvpothesis,  convergent  at  the  boundary  and  at  all  points  inside  it.  We  take 
(p  {q,  c)  to  mean  the  same  thing  as  our  former  (q),  and  siq^pose  xjj  {q,  c)  defined  by 
equation  (34).  Now  the  value  of  ^  cannot  become  infinite  at  any  jioint  on  the 
boundary,  since  we  suppose  the  bounding  surface  not  to  extend  to  infinity  for  any 
value  of  c.  Hence  it  follows  tliat  our  function  xp  (q,  c)  will  be  finite  at  all  points  of 
the  boundary  so  long  as  c  <  Moreover,  in  the  region  in  which  our  formei'  xp  (q)  is 
convergent  {i.e.,  in  the  region  r  >  R^),  ijj  {q,  c)  must  become  identical  with  xp  (q),  and 
will  therefore  be  finite.  The  function 

xp  {q,  c)  +  xp  (^,  c) 


w 


ill  therefore  be  finite  at  the  surface  S,  and  will  vanish  at  infinity  to  an  order  at 
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least  equal  to  1/r.  This  function  is  real  at  every  point  of  space,  and  is  a  solution  of 
Laplace’s  equation.  Hence  the  function  is  finite  at  every  point  of  space. 

It  is  therefore  clear  that  if,  in  equations  (16)  and  (17),  we  replace  ^{yj)  by 

(f)  [t],  c),  xjj  (jj,  c),  and  make  the  corresponding  changes  in  </>  (^),  ifj  (^),  we  shall  have  a 
solution  which  satisfies  all  the  conditions  of  the  problem,  subject  to  the  single 
condition  that  c  is  less  than  Cj.  At  infinity  xf/  {rj,  c)  will  be  capable  of  expansion  in 

the  form  of  equation  (5), 

xjj  {rj,  c)  =  b^/r)  +  62/7^2  +  +  ...  , 

and  we  now  see  that  equations  (21)  and  (22)  can  be  obtained  in  the  same  manner  as 
before. 

It  is  therefore  clear  that  the  values  obtained  for  V/,  A,  and  a  will  he  the  true 
values,  even  if  they  have  been  obtained  by  the  use  of  divergent  series,  provided  only 
that  the  series  for  remains  convergent  up  to  the  boundary. 

In  the  case  in  which  cq  <  c.^,  a  similar  proposition  is  true  for  values  of  c  such  that 
G  C.i. 

§  10.  Y\  e  now  consider  the  case  in  which  c  is  greater  than  either  or  Co.  Let  tlie 
values  of  V^-  and  Vq  which  have  Ijeen  found  for  values  of  c  less  than  either  or  c.^  he 
extended,  by  a  process  of  “  continuation,”  to  points  outside  their  circles  of  convergence, 
and  let  the  values  so  obtained  define  the  functions  V,-  and  Vq.  These  functions  will 
have  certain  infinities,  the  position  of  these  infinities  depending  upon  the  value  of  c. 
When  c  =  0,  all  the  infinities  of  V;  lie  outside  S  ;  all  the  infinities  of  V,,  lie  inside  S. 
Let  us  suppose  that  up  to  some  value  of  c,  say  c  =  cq,  no  infinity  crosses  S,  l)ut  that 
(if  possilde)  at  c  =  cq  one  of  these  infinities  is  found  on  the  boundary.  The  values  of 
V^-  and  Vq  are  functions  of  c,  and  V;  —  Vq  satisfies  the  requisite  algebraical  ecpiations 
from  c  =  0  until  c  is  equal  to  the  smaller  of  the  values  c  =  or  c.,.  Hence  it  must 
continue  to  satisfy  for  all  values  of  c,  until  the  condition  found  in  §  3  is  violated,  i.e., 
until  the  value  of  c  is  such  that  the  curve  possesses  a  cusp  or  branch  point.  Also  V, 
and  Vq  satisfy  the  requisite  conditions  of  finiteness,  uniqueness,  and  continuity  until 
c  reaches  the  value  C3.  Now  as  c  approximates  to  Cg  from  the  direction  in  which 
c  <  cq,  the  value  of  V  at  same  point  of  the  boundary  (viz.,  the  point  at  which  the 
infinity  occurs  when  c  =  Cg)  will  increase  indefinitely,  becoming  ultimately  infinite 
when  c  =  cq.  This  value  of  V  will,  however,  give  the  true  solution  for  all  values  of  c 
less  than  Cg,  and  there  will  be  a  superior  finite  limit  to  the  value  of  V.  It  therefore 
follows  that  there  can  be  no  value  cq  at  which  an  infinity  crosses  the  boundary,  and 
the  values  of  V;  and  Vq  found  by  ‘‘  continuation”  of  the  power  series  will  give  the 
true  values  of  Vj  and  Vq  until  the  whole  solution  is  invalidated  by  tlie  occurrence  of 
a  cusp  or  branch  point. 

Summing  up,  it  appears  that  we  may  neglect  the  question  of  convergency  of  series 
altogether  ;  so  long  as  the  values  obtained  for  either  V^  or  Vq  are  possible  values, 
they  must  he  true  values.  But  care  must  be  taken  not  to  pass  through  values  of  the 
parameter  such  that  S  possesses  a  cusp  or  branch  point  for  these  values. 
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§  11.  Illustrations  of  these  remarks  are  aftbrded  by  the  examples  of  §§  G  and  7.  In 
equations  (23),  (24),  and  (25)  let  ns  regard  c  as  a  variable  parameter,  so  that,  as  c 
varies,  tlie  equations  represent  the  dilferent  members  of  a  family  of  circular  cylinders. 
We  have  seen  that  the  series  obtained  for  ^  only  remains  convergent  so  long  as  c  <|-a. 
Equations  (26)  and  (27)  represent  the  values  of  Yj  and  Vg  expanded  in  powers  of  c. 
Now  the  value  of  V,-  is  convergent,  no  matter  how  great  c  may  be,  hence  we  know 
that  this  represents  the  true  value  of  Vi  for  all  values  of  c.  The  value  of  Vg  has  as 
its  circle  of  convergence  the  circle  r  =  c,  and  this  intersects  the  boundary  as  soon  as 
c  attains  the  value  c  =  ^a.  Hence  the  value  obtained  for  Vg  will  fail  to  give  a  true 
solution  as  soon  as  c  exceeds  the  value  c  =  la,  although  it  will  always  give  the  value 
of  Vg  at  points  outside  the  circle  r  =  c.  Again,  in  §  7,  let  us  regard  y/5  as  a  variable 
parameter.  The  value  found  for  V,  is  convergent  for  all  values  of  ^76,  and  therefore 
represents  tlie  true  solution  for  all  values  of  provided  that  we  start  from  a  true 

sohitlon,  and  do  not  pass  through  a  value  of  at  which  a  cusp  occurs.  Under  this 

same  condition  the  series  for  Vg  will  give  the  true  value  of  Vg  at  all  points  at  which 
it  is  convergent,  and  the  expression  given  in  equation  (32)  will  give  the  true  value  at 
all  points,  this  being  the  expression  for  Vg  which  would  be  found  by  “  continuation” 
of  the  series,  or  (what  is  the  same  thing)  by  the  methods  of  §  9. 

The  ellipse  does  not  possess  a  cusp  except  in  the  critical  cases  of  =  0,  ^/h  =  oo  , 
In  the  former  the  ellipse  reduces  to  a  pair  of  parallel  lines,  and  the  points  at  infinity 
rank  as  cusps.  In  the  latter  the  ellipse  reduces  to  a  doubled  straight  line  joining  the 
])oints  X  —  ^  a~^,  and,  again,  these  points  rank  as  cusps.  Hence  a  solution  will 
remain  the  true  solution  so  long  as  ^^b  does  not  pass  througli  either  of  the  values 
.^b  =  0  or  CO ,  i.c.,  so  long  as  y^b  does  not  change  sign.  This  is  the  meaning  of  the 
condition  found  in  §  7,  that  ^^/ a  and  ^Jb  must  be  taken  with  the  same  sign. 

We  can  see  this  from  another  point  of  view,  as  follows.  The  solution  (29)  can  be 
exhibited  on  a  Riemaxx’s  surface  of  two  sheets,  the  branch  points  being  given  by 

abif  =zb  —  a. 

When  a  =•  b  (?'.c.,  when  the  ellipse  reduces  to  a  circle)  these  points  coincide  in  the 
oi'igln,  and  destroy  one  another.  As  b  increases,  the  two  points  move  along  the  axis 
of  ,r,  and  ultimately  meet  the  curve  when  b  =  co  at  the  points  a’  =  i  i.e.,  meet 
tlie  cuiwe  at  its  cusps  as  soon  as  cusps  occur.  Similarly,  as  b  decreases  from  the  value 
b  —  a,  tlie  branch  points  move  along  the  axis  of  y,  and  meet  the  curve  when  5  =  0 
at  the  points  y  =  co  , 

Deformed  Circular  Cylinder. 

§  12.  As  an  example  of  exjiansion  in  a  series  of  powers  of  a  parameter,  let  us 
consider  the  cylinder  of  wliicli  the  equation  is 

m  —  cr  -f-  2cr’'  cos  n9 


or,  in  y  coordinates, 


=  «'  +  C  (^""^  -{-  y’‘) 


(35), 

(3C). 
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We  are  in  search  of  a  solution  for  ^  expanded  in  powers  of  c  in  the  form 

i  =  'Q  +  +  ^^3^^  + . 

in  winch  .  .  .  are  functions  of  r]. 

Substitute  this  assumed  solution  in  equation  (36),  and  we  obtain 

V  (wq  +  +  WgC^  +  .  .  .) 

=  a~  +  c  { T]’‘  +  Vq‘  +  u^c  +  \n  (a  —  1)  c" 

+  nuQ‘~^  UoC-  +  {n  —  l)  {n  —  2) 
n{n  —  I)  u.,c^  +  c^} 

d-  terms  of  degree  4  and  higher  in  c. 

Equating  the  coefficients  of  the  various  powers  of  c,  we  obtain 


7]Uq  =  a- 


V^h  =  V’‘  + 


- -  n’i  Ti  1 


'qll^  =  nil 


n 


n 


[n  —  1)  ?q”'~  iq'  +  ^ 


-qu^  =  Y?i  [n  —  I)  {n  —  2)  zq"  n  {n  —  1)  Uq‘  ^  ;q,  kc. 


Solving  these  equations  in  succession,  we  obtain 

a~  .  «■“ 

V 


«i  =  >)”  ‘  + 


-jq  =  n«''  + 


V 


?i  + 1  /  ’ 


^,3  =  in  (n  -  _j_ 


9(.  (3a  —  1)  fd"' 


77 


*)^ort  +  l 


iq  =  (n  —  1)  (?i  —  2)  a~“  ®  17'"  ^  + 


2.-1  , 


-V 


a 


4«-0 


+  terms  of  lower  degree  in  77,  &c. 

Hence  we  obtain  at  once 

V,  =  C  +  77P  j  -  c  +  4  («  -  1)  «■=-*  (f'  +  >,")  c= 

-f  (n  —  1)  (n  —  2) 


■J 


=:  C  +  Trpj  —  r~  +  (?^  —  1)  a~"'  r’’-  cos 


+  ^  (n  —  1 )  (n  —  2)  rt~'‘  ^  (Ayi'’-  cos  '2n6  + 


A  =  77  {a*  +  na-”-  ~  c-  +  f  ;i  (71  —  1)  -f  • 


(38), 


and,  except  in  the  sj^ecial  case  of  ?i  =  1,  a  =  0. 

In  this  way  wm  can,  Avhen  c  is  small,  wnite  down  the  potential  to  any  required 
degree  of  accuracy. 

Deformed  Elliptic  Cylinder. 

§  13.  As  a  final  Illustration,  we  shall  find  the  potential  produced  by  a  small 
deformation  of  the  surface  of  the  elliptic  cylinder 

=  . (39). 

Let  the  deformed  surface  be 
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=  a^~  4-  {e^  +  r)  +  Sh„  +  77'*) . (40), 

1 

and  let  the  solution  be,  as  far  as  first  powers  of  h’s, 

^0  +  2^1. . (41), 

1 

where  is  a  function  of  77,  and  is  the  solution  when  all  the  h’s  vanish. 

Substitute  solution  (41)  in  equation  (40),  and  equate  coefficients  of  h„,  and  we  obtain 
^,,77  =  2«3  +  77",  or,  solving  for 

=  +  . (42). 

We  can  express  £q  in  the  form 

^0  =  +  /^/V  + . (43)- 

Hence  equation  (42)  becomes 


(1  +  u’‘)  7]’^  +  ^  /St?"  “  +  .  . 

T?  ( 1  —  2floa)  —  2fq  /37]~^  +  .  .  . 


L+n  ^.-1  +  ( 


1  —  2rt3«  '  '  yi  —  (1  —  '2a^cx.)- J 

Hence  we  find  as  the  value  of  V/, 

V,  =  TTp  {C  —  ^77  +  -la  (^-  +'>7')} 


77”  d-  &c. 


+  .p  2  (f '  +  V)  jrri;;;;  v  +  Ui-2«,«  +  (i  _  2a, «f  }  w 


+  terms  in  h„+Q,  &c.  .  .  . 


I  ■ 


The  value  of  £0  given  bj  equation  (43)  is  a  solution  of  equation  (39).  Sub¬ 
stituting  this  value,  and  equating  the  coefficients  of  the  two  highest  powers  of  77,  we 
find  as  the  equations  determining  a  and  /8, 

a  =z  (1+  a^),  ^  =  cr  -{-  rto  (2a/3  +1), 

equations  winch  will  be  required  later. 


Rotating  Liquid  Cylinder. 


General  Theory, 


§  14.  \¥e  now  pass  to  the  main  problem  before  us,  and  consider  the  equilibrium 
of  a  cylinder  rotating  with  angular  velocity  w. 

The  equation  to  the  cylinder  for  a  rotation  equal  to  zero  is 

^77  =  cu . (45). 

When  the  rotation  w  is  different  from  zero,  we  shall'  suppose  the  equation  to  the 
surface  referred  to  its  axis  of  rotation  as  origin  to  become 


79 


OF  ROTATING  LIQUID  CYLINDERS. 

—  rt"  +  (^  +  17)  +  CQ  +  1?®)  + . (46), 

or,  in  polar  co-ordinates, 

r~  =  a"  -f-  2«p’  cos  6  +  2a^r’^  cos  2d  -j- . (47). 

This  equation  is  not  sufficiently  general  to  represent  all  cylinders  which  are 
symmetrical  about  the  initial  line.  The  value  of  lieing  known  at  the  boundary, 
we  shall  always  be  able  to  find  a  function  v  such  that  v  is  finite  and  continuous, 
together  with  its  first  differential  coefficients,  at  all  points  inside  the  boundary, 
and  such  that  =:  0  inside  the  boundary,  and  v  =  at  the  boundary.  The 
value  of  V  near  the  origin  can  be  expanded  in  the  form 

-|-  2up’  cos  6  +  '2a.2r'  cos  2d+ . (48), 

and  this  series  will  have  a  circle  of  convergence,  say  r  =  R.  It  is  only  when  the 
curve  lies  wholly  inside  this  circle  that  the  cylinder  can  be  represented  by  an 
equation  of  the  form  of  (47). 

Let  us,  however,  attach  a  conventional  meaning  to  equation  (47)  in  the  case  in 
which  the  right  hand  becomes  divergent  at  the  boundary,  as  follows,  fjet  us  suppose 
that  the  value  of  the  function  v  given  near  the  origin  l)y  equation  (48)  is  calculated 
from  its  known  values  inside  the  circle  r  =  R,  the  values'  outside  this  circle  being 
obtained  by  a  process  of  “continuation.”  Then  we  shall  suppose  equation  (47)  to 
represent  the  locus  of  points  at  which  r"  =  v. 

Obviously,  with  this  convention,  equation  (47)  is  sufficiently  general  to  represent 
any  surface.  If  this  surface  is  to  give  an  equilibrium  configuration  under  a  rotation 
(j),  we  must  have 

-L  L  ^  constant . (49) 

at  the  surface.  Now  Yq  -|-  7rp?‘"  is  a  spherical  harmonic  at  all  points  inside  the 
surface,  and  equation  (49)  can  be  written  in  the  form 

(o  •. 

1  —  ^  j  7’^  =  a  constant, 

or,  what  is  the  same  thing, 

/  (^2  \ 

(Vj  4-  7rp7’")  —  TT'P  (^1  —  )  V  =  a  constant . (50). 

This  equation  is  satisfied  at  the  surface  S,  and  each  term  is  a  solution  of  Laplace’s 
equation  at  every  point  inside  S  ;  hence  the  equation  must  be  satisfied  at  every 
point  inside  S. 

Now  Y i  can  be  calculated  by  the  methods  already  explained,  and  we  obtain  an 
equation  of  the  form 

Y-~C—  npY-  rrp  t  f,  (fq,  a^,  ....  )  (f'‘+  77") , 

?l  =  l 

which  gives  the  value  of  Yi  at  all  points  inside  a  certain  circle  of  convergence.  The 
value  of  V  inside  its  circle  of  convergence  is,  from  equation  (48), 

V  =  <i'  ^  a„  (£'*  -j-  77”)  ; 
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hence  equation  (50),  at  j^oints  inside  both  circles,  becomes 

2Trpl 


0  npfr  I  1 


CO- 


-{-rrp  t  (cQ,  a.,  —  a,  ( 1  —  +  i'-)  -  a  constant.  .  (51). 


j!  =  l 

We  must  therefore  have,  for  all  positive  integral  values  of  n, 

0 

lirpi 


f,  («i.  .■■•)  =  oj  1  - 


(52). 


The  condition  that  equation  (46)  or  (47)  may  represent  an  equilibrium  configuration 
is  therefore 

/i/«i  =/y'Q =/3/«.3  =  . . (53), 


and  the  value  of  w"  is  such  that  each  fraction  is  equal  to 


Ct)^ 


lirp 


Since  for  anv 


equilibrium  configuration  the  axis  of  rotation  must  coincide  Avith  the  centre  of  gravity, 
we  see  that  if  the  coeflicients  of  (46)  satisfy  (53),  the  curve  must  he  referred  to  its 


centre  of  gravity  as  origin. 


The  points  of  bifurcation  are  given  by  the  Hessian  of  this  system  of  equations. 
For  our  purpose  this  may  be  most  conveniently  written  in  the  form 
^/i  (l/j  3/s 


1  — 


iTVpj 


ca. 


va. 


3/i 

f-  -  b  - 

0«.,  \ 

?f 

diu  ’ 

• 

(O' 


iirp' 


=  0 


(54). 


Uur  method  will,  for  reasons  already  explained,  break  down  as  soon  as  a  cusp  or 
branch  point  occurs  on  any  linear  series.  Any  solution  will  be  a  true  solution 
provided  we  can  pass  from  this  solution  to  another,  known  to  be  a  true  solution,  over 
a  path  througli  a  system  of  linear  series,  Avithout  passing  through  a  point  at  Avhich 
a  cusp  or  branch  j^oint  occurs.  Now  the  occurrence  of  a  cusp  or  branch  point  indicates, 
in  the  physical  joroblem,  the  division  of  the  mass  of  fluid  into  tAvo  separate  masses, 
and  Avhen  tliis  occurs  the  solution  breaks  doAvn  for  a  second  reason  also  :  for 
equation  (49)  is  only  true  AA’hen  the  surface  of  the  fluid  is  continuous;  Avhen  the 
surface  consists  of  tAA'o  distinct  parts,  the  constant  on  the  right-hand  side  has  difterent 
A’alues  for  the  tAvo  parts  of  the  surface. 

This  limitation  Avill  not  cause  trouble  in  the  present  inA-estlgation.  For  Ave  are 
only  desirous  of  tracing  the  changes  in  the  configuration  of  the  fluid  up  to  the 
separation  into  tAvo  parts,  and  eAmn  if  our  method  l\ad  enabled  us  to  proceed  beyond 
this  point,  it  Avould  have  been  fruitless  to  do  so. 
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The  Series  of  Circular  Cylinders. 

§  15.  If  it  were  possible  to  calculate  the  /‘’s  and  solve  equations  (53)  in  the  most 
general  case,  Ave  should  arrive  at  a  complete  knoAvledge  of  the  system  of  linear  series 
of  equilibrium  configurations.  This  lieing  impossible,  we  shall  start  from  a  known 
series,  and  calculate  successive  series  by  determining  the  various  points  of  liifurcation. 

Noav  AAm  knoAV  (§  12)  that  for  the  small  values  of  the  a’s,  is  of  the  form 

fnfc  Hence  there  is  a  solution  of  the  system  of  equations  (52) 

Th 

given  by  cq  =  cq  =  .  .  .  =0. 

This  is  the  series  of  circular  configurations,  and  corresponds  to  the  series  of 
Maclaurin  spheroids  in  the  three-dimensional  problem.  When  on  >  'lirp  the  solution 
breaks  down  physically,  since  the  pressure  at  every  point  of  the  liquid  becomes 
negative.  In  fact,  when  reaches  the  value  on  ■=  Unp  the  series  gives  place  to 
a  series  of  annular  forms,  foi'  each  of  which  ofi  has  the  critical  value.  We  can  adjust 
the  radius  of  the  annulus  so  as  to  give  any  desired  amount  of  angular  momentum 
greater  than  the  critical  value  which  occurs  in  the  circular  configuration  when 
0)^  =  '2iTTp. 

Points  of  Bifurcation  on  Circidar  Series. 

§  IG.  To  search  for  points  of  bifurcation  on  this  linear  series,  we  replace  f,  by  ajn 
ill  equation  (^54).  Every  term  in  the  determinant  on  the  left  hand  now  vanishes, 
except  the  terms  of  the  leading  diagonal,  and  the  equation  reduces  to 


The  dilferent  roots  correspond  to  the  difierent  integral  Amines  of  n,  and  are 
given  hy 

n  =  I,  2,  3,  4,  5,  .  .  .  oo, 

on/'Zirp  =  0,  '5,  ‘666,  ’75,  ‘8,  .  .  .  I. 

The  first  point  of  hifurcation  (n  =  I)  may  be  rejected  at  once,  the  critical 
Aubration  ”  being  merely  a  displacement  of  the  entire  cylinder  as  a  rigid  body. 

A  displacement  in  AAdiich  rq  only  occurs  for  the  single  value  n  =  s  Avill  alter  the 
potential  energy  only  by  a  term  proportional  to  the  sijuare  of  cq.  Hence  the 
principal  Aubrations  correspond  to  the  different  Amines  of  n  from  2  to  go,  and  are  such 
that  a„  only  occurs  for  a  single  Amiue  of  n  in  each.  When  oj^  =  0,  all  these  vibrations 
are  stable.  When  on  reaches  the  point  of  bifurcation  of  order  s,  the  Aubration  of  order  6‘ 
becomes  unstable,  and,  since  there  is  only  one  point  of  bifurcation  of  order  s,  this 
vibration  remains  unstable  for  ad  values  of  oj^  greater  than  the  value  at  this  point  of 
bifurcation.  We  therefore  see  that  by  the  time  that  oT  reaches  the  limiting  value 
2 Tip,  eA’ery  Aubration  is  unstable. 

AmL.  cc. — A. 


AI 
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The  Series  of  Elliptic  Cylinders. 

§  17.  The  stable  linear  series  is  that  of  order  2.  The  ijiitial  deforniatioii  is  therefore 
elliptical,  and  the  point  of  bifui’cation  occurs  for  the  value  or  =  np. 

The  equation  to  the  surface  is  initially 

iv  =  cr  +  CQ  if-  +  f) . (oo). 

In  §  13  we  found  (equation  (44))  as  the  corresponding  value  of  V, 

V;  =  7rp  {C  —  ^7]  hx  f)] . (5G), 

in  which  a.  is  a  loot  of 

a  =  (  I  -f  c'd) . 

and  this  is  true  however  great  cq  may  be.  The  values  of  yi,  (0,  0,  0,  .  .  .)  can 

accordingly  be  written  down  at  once.  We  have 

/o  (0,  rto,  0,  0,  .  .  .)  =  Ta, 
and  all  the  other  functions  vanish. 

Hence  there  is  a  general  solution  of  equations  (52)  in  which  all  the  cp/s  vanish 
except  and 

Ta  =  (l  —  orj'lTTp)  a.2 . (3^)> 

where  a  is  given  by  equation  (57). 

This  is  the  linear  series  of  which  we  are  in  search.  It  is  obviously  a  series  of 
elliptic  cylinders,  and  corresponds  to  the  series  of  Jacoliian  ellipsoids  in  the  three- 
dimensional  problem.  From  equations  (57)  and  (58)  we  have 

orj-np  =  I  —  ad . (5^)- 

We  therefore  see  that  as  we  move  along  this  series  the  value  of  oj-  continually 
decreases  from  -np  to  0.  The  angular  momentum,  however,  increases  from  a  finite 
to  an  infinite  value. 


The  Remaining  [Unstahle)  Series. 

§  18.  Before  searching  for  points  of  bifurcation  on  this  series,  let  us  briefly  examine 
the  series  passing  the  other  points  of  bifurcation  on  the  circular  series,  these  series 
being  known  to  be  all  unstable.  Near  the  point  of  bifurcation  the  form  of  the  series 
of  order  n  is 

=  cd  -f  a„  +  . (GO). 

In  §  11  we  have  calculated  the  values  of /i  (O,  0,  .  .  .  0,  .  .  .)  as  far  as  a,f  If 

we  neglect  ad,  it  appears  that  all  these  functions  vanish  except  /,„  and  that  /„  is 
given  by 

/„  (0,  0,  .  .  .  a,„  0,  .  .  .)  =  afi  ^{n  —  1)  cr'^-Upd. 


The  series  is  accordingly  given  by  equation  (GO),  until  ad  become  appreciable. 
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The  value  of  oy  is  given  by 

I  —  ca^l'Iirp  =  ijn  —  l) 

It  therefore  appears  that  the  angular  velocity  decreases  as  we  recede  from  the  point 
of  bifurcation. 

Throughout  the  series  the  l^ounding  curve  is  periodic  in  6  with  a  period  27r/r/,  and 
it  is  easily  seen  that  at  the  remote  end  of  the  series  is  a  curve  consisting  of  n  equal 
and  symmetrically  arranged  arms,  these  arms  extending  in  the  limit  to  infinity,  and 
being  of  zero  breadth  at  all  points  except  in  the  immediate  neighbourhood  of  the 
origin. 

In  fig.  I  I  have  drawn  the  curve  for  the  case  of  n  =  3,  error  in 

the  value  of  Y,  (ecpiation  (38))  caused  I)V  the  neglect  of  will  l3e  seen  to  be  of  the 

.,.G 

order  of  '000377^  —  cos  4d. 

Since  the  maximum  value  of  r*^'/cd  on  tins  curve  is  8o®,  it  appears  to  be  legitimate 
to  neolect  this  error. 

O 


Points  of  Bifurcation  on  Elliptic  Series. 

§  19.  Let  us  now  return  to  the  series  of  elliptic  cylinders,  and  search  for  points  of 
bifurcation  on  this  series.  We  have  found  in  §  13  that  when  cq  is  finite,  but  when 
the  sc[uares  and  products  of  the  remaining  n’s  may  be  neglected,  we  have  (equation 
(44))  for  values  of  n  different  from  2, 

f„  («1,  an,  03,...)  =  — — r — -  —  -{-  terms  linear  in  o„+4,,  &c.  .  .  (61). 

L  ^ccCt  ;^  7Z 

Let  us  now  examine  the  form  assumed  by  equation  (54)  at  points  upon  this  series. 
We  have,  in  the  first  place,  dfjda:,  =  0. 


M  2 
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We  have  also  =■  0  whenever  m  is  greater  than  n.  Hence  we  see  that  the 

determinant  on  the  left  hand  of  (54)  reduces  to  the  products  of  the  terms  in  its 
leading  diagonal,  and  that  the  ecpiation  itself  is  equivalent  to  the  separate  equations 

—  or  1-277  p) . (62) 

taken  for  all  values  of  n  from  I  to  co  . 

Corresponding  to  a  i“Oot  of  (62)  there  is  a  point  of  bifurcation,  and  the  linear  series 
starting  from  the  point  must  be  found  from  equations  (52).  From  these  equations  it 
appears  that  the  linear  series  coiTesponding  to  a  root  of  (62)  will  be  such  that,  as  far 
as  the  first  order  of  small  quantities,  exists  only  for  the  values  s  =  2,  n,  n  —  2, 

n  —  4,  .  .  .  . 

Of  these  series  the  series  n  —  2  may  be  rejected,  as  corresponding  only  to  a  step 
along  the  series  of  elliptic  cylinders,  and  not  to  a  new  series  at  all,  and  the  series 
n  =  I  may  be  rejected,  as  corresponding  merely  to  a  change  of  origin. 

We  are  left  with  the  values  n  =  3,  4,  5,  ...  ,  and  for  any  one  of  these  values  we 
have,  from  equation  (61), 

Pfn  _  1  1  +  «“ 

da, I  n  1  —  2a02 


The  points  of  bifurcation  are  accordingly  given  by  the  equations 

1  1  +  g"  _  ^ 

n  1  —  Safq  'lirp 


where  n  has  the  values  3,  4,  5,  .  .  .  . 

Tliese  points  of  bifurcation  are  points  on  the  series  of  elliptic  cylinders,  hence  w'-, 
Uo,  and  a  are  connected  by  equations  (57)  and  (58).  If  we  eliminate  or  and  fi’om 
the  three  equations  (57),  (58),  and  (63),  we  find,  as  the  equation  giving  iDoints  of 
bifurcation  of  order  n. 


1  -  1  + 


O 


(64). 


This  equation  must  be  solved  by  graphical  methods.  In  fig.  2  the  curve  which  is 
concave  to  the  axis  of  a  is  the  parabola 

y  =  i(l  —  . (65). 
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The  remaining  curves  are  the  graphs  of 


?/  = 


1  + 

n 


for  the  values  n  =  3,  4,  5,  .  .  . 

The  curve  (66)  cuts  a  —  Q  at  the  point  y  —  ijn,  and  a  =  I  at  y  2/n.  The 
value  of  dylcloL  is  It  is  therefore  obvious  that  the  curves  are  convex  to  the 

axis  of  a,  and  since  for  any  value  of  a  the  value  of  dyjda  is  greatest  for  that  curve 
for  which  7i  is  least,  it  is  obvious  that  the  curves  can  never  intersect. 

We  therefore  see  that  the  parabola  (65)  will  meet  each  of  the  curves  (66)  once, 
and  once  only,  for  values  of  a  between  0  and  1.  Moreover  the  smaller  n  is,  the 
smaller  the  value  of  a  at  the  intersection. 

As  we  move  along  the  series  of  elliptic  cylinders,  the  value  of  a  increases  Irom 
0  to  I.  Hence  there  will  be  an  infinite  number  of  points  of  bifurcation  on  this 
series,  of  orders  3,  4,  5,  .  .  .  .  The  point  at  which  we  arrive  first  is  that  of  order 
91  =  3  ;  those  of  orders  4,  5,  .  .  .  follow  in  succession.  As  before,  we  find  that  the 
configuration  at  the  end  of  the  series  of  elliptic  cylinders  (a  =  I,  an  infinitely  long 
and  thin  ellipse)  is  unstable  for  every  vibration. 

The  linear  series  which  we  expect  to  be  stable  is  that  of  order  n  =  3.  To 

X 

find  the  point  of  bifurcation  of  this  series  ^ve  require  to  solve  the  equation 
|-(1  —  a~)  =  (I  -|-  a®)  and  the  solution  is  found  by  inspection  to  be  a  — 

From  equations  (52)  and  (53)  we  find  that  at  this  point  of  bifurcation  co^  = 
and  a.,  =  f.  The  elliptic  cylinder  at  the  })oint  of  bifurcation  is  therefore  the 
cylinder 

-f  +  7^3) . (67) 

or,  in  Cartesian  co-ordinates, 

X- +  97/ =  5r.d . (68). 


If  we  reduce  the  linear  scale  of  this  until  the  area  is  cd,  we  find  for  its  equation 

+  9y^  =  3cr, 

and  for  its  angular  momentum,  1‘46  times  the  greatest  angular  momentum  for  which 
the  circular  form  is  stable. 


Poincare’s  Series  of  Pear-shaped  Cm'ves. 

§  20.  The  configuration  of  the  new  linear  series  of  order  n  =  3  is,  near  the  jioint 
of  bifurcation,  of  the  form 

=  +  +  +  .  •  •  .  (66). 
This  new  series  is  seen  to  be  the  series  corresponding  to  Poincare’s  series  of  pear- 
shaped  figures."^'  Instead  of  making  a  separate  problem  out  of  the  determination 
of  the  constants  and  63,  we  shall,  in  order  to  avoid  repetition  at  a  later  stage,  pass 

*  H.  Poincare,  ‘  Acta  Math.,’  vol.  7,  p.  347. 
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at  once  to  the  equations  deteriniuiiig  the  general  configuration  of  this  series, 
therefore  replace  equation  (69)  l)y 


l>7  =  «^  +  t(f^  +  T)  +  2: 


/>,=  X 

NT 


>1=1 


We 


(70). 


This  will  be  assumed  to  ]:)e  the  general  form  of  the  surface  in  the  linear  series 
now  under  discussion,  the  (juantity  6  l^eing  a  parameter  wliich  vanishes  at  the  point 
of  bifurcation. 

The  equation  expressing  explicitly  the  solution  of  (70)  may  be  supposed  to  be 

f  =  (1  -  m,  +  Ifi  +  +  .  .  .)  .  .  .  .  (71). 

in  which  is  tlie  value  of  ^  when  ^  =  0,  and  tlierefore  satisfies 

=  «“  +  I  -^t) . (i"-), 

and  i''^  series  of  ascending  and  descending  powers  of  17,  say 

6  =  «o  +  “T  +  •  •  •  -f  + . (i^S). 

If  we  calculate  the  value  of  from  (71),  we  find 


V;  =  —  Trpfry  +  f7rp  (  1 


w  \ 


u„  +  .p  1  -  t0-\_ 


(7-1), 


iTTp:  “  ■  \  -'^P! 

where,  if  is  given  l)y  (73),  tlie  value  of  U,,  is 

Ib  =  Cl  +  «o  (f  +  '1?)  +  (P  +  ■>?")  + . (i*^)- 

Using  the  value  of  V,-  given  by  (74),  the  equation  to  be  satisfied  at  the  surface  is 


—  ^77  (vrp  —  Twb  +  l-TTp  1 

\ 


Uq  +  vrp  {  1 

\ 


O)- 


iirp ' 


const.. 


or,  dividing  throughout  by  irp  —  ^co'^, 

$r)  =  +  terms  independent  of  6 . (~C). 

Ecpiation  (76)  must  l)e  identical  with  (70),  the  riglit-hand  members  of  both  being 
spherical  liarmonics,  and  lienee  W7e  must  have 

U,  =  ,Co  +  s”  .C,  (f '  +  V’% 

n  =  l 


and  therefore,  by  ecpiation  (75),  for  all  positive  values  of 

Instead  of  lining  given  by  ecpiation  (73),  the  value  of  may  now  be  supposed  to  be 
given  by 


$s  —  d-'i  +  “b  3,.Cbi7''  -!-•••+  ^  "  "b 


(77). 


If  we  introduce  the  limitation  that  the  curve  is  to  remain  of  constant  area,  we  must 
put  c(_;^  =  0.  If  we  now  replace  cc_o,  o_3  .  .  .  by  new  unknoiviis  /-•_!,  ,vCL^,  .  .  .  ,  we 
can  write  e([uation  (77)  in  the  symmetrical  form 

. (^8), 


in  which  we  know  that  must  ultimately  be  ecpial  to  zero,  in  order  that  the  centre 
of  gravity  may  coincide  with  the  origin  (cf.  equation  22). 
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Now  o)'  Avill  be  a  function  of  0,  and  the  relation  between  co^  and  0  is  at  our  disposal, 
this  relation  being  virtually  the  definition  of  6.  We  have,  however,  already  assumed 
that  at  the  point  of  bifurcation  0  =  0  and  dco^/dO  =  0.  We  thei’efore  take  as  the 
relation  between  oj^  and  6, 


L  —  (o^j'Iirp  =  8q  +  S.^0~  -j-  fi- . 

ill  which  Sg  =  f,  and  So,  8g,  ...  are  as  yet  undetermined. 

Tlie  value  of  ^  given  by  equation  (71)  is  now 

^0  “t"  ^§0^1  +  (^0^::  +  (^0^3  +  ^i^l  +  f^3^o)  +  '  •  •  • 

If  we  substitute  this  value  in  equation  (70),  of  which  we  are  supposing  it  to  be 
a  solution,  we  obtain 

V  do  +  ^^u^i  +  +  ■  •  •) 

=  +  f  It  +  d"  +  (^^0^1  +  (^0^3  +  l^3^o)  +  •  •  •) 

+  (dSg^i  +  +  fsdo)  +  •  •  on 

+  0^  (NO  +  d"  +  ^0)  ■  •  -(SI). 

.9=1  n  =  l 


and  if  we  equate  tlie  coefficients  of  .successive  powers  of  d  in  this,  we  obtain 

^0^  =  «~  +  f  (bo^  +  T?0 . 

^0^1  d  ~  5^o)  =  id  +  ^  (^o"  +  "^'O . 

1 

+  I  h^o)  —  5^0)  =  I  (Sofi)"  +  S  n  NO 

1 

+  2^0  N  S  (^q”'  +  r)“) 

I 

(§0^3  -b  iv  —  5  4)  =  INbi  (80^2  +  |8du) 

+  (80^1)^^  (''■  ~  1)  N-i  +  (80^3  +  58do)  ^  ik'.do'''”^ 

1  1 

+  ^0^1  ^  aC,  "1  3^  "1  S  (^o"  “1  v  ')- 


(82), 

(83), 

(S3). 


(85). 


Equation  (82)  is,  as  it  ought  to  be,  identical  with  (72).  Equation  (83)  enalfies  us 
to  determine  the  constants  which  occur  in  fj.  These  having  been  found,  equation  (84) 
enables  us  to  detei'iniiie  '’O  on  in  succession. 

§  21.  As  far  as  first  powers  of  0,  we  know  that  the  configuration  is  of  the  form 
given  by  equation  (6.9).  We  therefore  assume  at  once  for  N  fh©  form 


N  =  Scgd  +  cq 


^‘=1 

o 

77“ 


(86), 


in  which  c„  is  temporarily  written  for  ^C„. 

Since  8g  =  |-,  and  since  the  c’s  higher  then  cq  must  vanish,  Ave  find  that  equation  (83) 
takes  the  form 


Hn  —  ifo)  =  03  (fo®’  +  ’)’)  +  “1  (fo  +  >)) 


(87). 
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Since  satislies  equation  (82),  ^^■e  have 

^0  =  4^  ±  i  \/\hf  —  . 

or,  expanding  in  the  appropriate  form,  and  taking  a  =  1, 

.  1,5,  50  ,  1000  ,  25,000 

&o  —  2P  +  o  +  5^  +  n — •  •  • 

rtrj  J  /  ?;  •>  77^  o'?;' 

From  equations  (82)  and  (80)  we  have 

t  -  3  n  _  1  3  j_  5  I  1-5  2500 

U  —  —  V  —  2  —  4^  +  3  +  2^  +  +  •  •  • 

By  a  similar  process  we  obtain 

fo-’  =  -  i)  -  !>)*  -  =  W  +  i*)  +  s;  +  hh  +  .  . 


Equation  (87)  can  now  be  put  into  the  foiiii 
5  25 


!>? 


6?;  27r)^ 


500 

O 


i)r)  8  It;’’ 


o  ’I  ^-1  '^^-3 

3Con~  "F  C‘i  —  —  —  .  .  . 

Vi  V 


■  (88), 
(89). 

■  (90)- 
•  (91)- 


-  Co 


50  .  1375 


9t;  81?;’ 


+  .  .  . 


+  Cl  +  3“;,  +  27P  +  ■  ”J 


•  (92)- 


Equating  the  coefficients  of  the  various  powers  of  p  we  obtain 


9  „  —  9^ 

gCg  -  gCg 


“k  i<^l  —  4^3  “t“  2^‘l 
“  f^-1  —  “^^3  ~F 

_ RA/->  _1_  ii/i  9/1  —  1  3  7  5/1  I  Ail/^ 

8  1^3  2  7'’!  n  6^-1  8'--3  —  81  ^3  1  27^1- 

The  lirst  equation  is,  as  it  ought  to  be,  an  identity.  We  may  assign  to  Cg  any 
value,  and  therefore  take  iq  =  1,  this  being  equivalent  to  fixing  the  linear  scale  of 
measurement  of  d.  Solving  the  remaining  equations  in  succession,  we  obtain  the 
following  scheme  of  values  : — 

F*  -  1  F*  7!^  —  0  /•  -  -  -  XO  0  0 

^3  —  -*-5  ^1  —  35  ^-1  —  ^-3  —  81  • 

The  vanishing  of  c_^  shows  that  the  centre  of  gravity  of  the  curve  is,  as  it  ought  to 
be,  at  the  origin.  We  now  liave  as  the  value  of  equation  (8G), 


-  -3"  +  27T 


(93). 


§  22.  We  now  proceed  to  the  determination  of  fo.  Equation  (84)  takes  the  form 

iv  -  Uo)  (U2  +  |S2fo)  =  +  §0^1  (3^0^  ^  Y) 

+  -Xu  +  ^  2^,,  (4”  -k  v") . (y-i)- 

/t=i 

The  value  of  £0  is  of  the  form  (equation  (78)), 


(95). 
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Suppose  this  value  substituted  for  in  equation  (94),  and  in  the  equation  so 
olitained  equate  the  coefficients  of  the  various  powers  of  For  any  power  of  rj 
greater  than  the  fourth  it  will  be  seen  that  equation  (94)  may  he  replaced  l)y 

^0  {v  —  5^o)  -  —  S  oC„  (^o”'  +  i"')  —  0- 

n  =  —  30  n  =  1 

The  equation  obtained  by  equating  to  zero  the  coefficient  of  any  power  of  t)  greater 
than  the  fourth  will  therefore  he  of  the  form 


a  linear  homogeneous  function  of  .  .  .  =  0, 

and  there  is  an  equation  of  this  form  for  every  value  of  n  greater  tlian  4. 
system  of  equatious  can  only  he  satisfied  by  taking 


This 


_  P  —  P  — 

oVr,  —  oV'r,  —  —  . 


(96), 


(97) . 

(98) 


We  may  therefore  assume  for  (equation  (95))  an  expansion  of  the  form 

~  •  •  • 

in  which  is  written  for  ^C,,. 

F.rom  equation  (82)  we  have 

§0^1  (3fo"  —  Y)  =  fi  (if  ioV  —  4“^"  -  W). 

and  from  equation  (87), 

From  these  last  two  equations  we  obtain 

§0^1  (34®  -  ¥)  =  4  mr  -  m  -  ¥v  (4'^  +  v^)  +  (4  +  v)- 

With  the  help  of  equations  (97)  and  (98)  we  can  write  equation  (94)  in  the  form 

iv  -  m  m + 144)  =  3%4®  +  4  (w^®  -  w) 

—  V'v  (4®  +  v^)  +  H~v  (4  +  v) 

+  -4(4®  +  V)  +  ^4  (4^  +  v'")  +  *^4  (4®  ■+■  t)  +  4  (4  +  '>?)  +  4-  •  (99). 

It  is  clear  upon  examination  of  this  equation  that  the  equations  found  upon 
equating  the  coefficients  of  rj,  rj~^,  &c.,  will  contain  only  terms  multiplied  ])y 
dg,  c/(j,  d_j,  &c.,  without  constant  terms.  We  therefore  take 

4  =  4  =  ~  =  0. 

Equation  (99)  now  contains  only  even  powers  of  rj.  Before  we  can  calculate  tlie 
coefficients  of  these  powers  we  must  obtain  series  for  4®  ^,4  By  squaring- 

equation  (93)  we  get 


2000 

9rj" 


=  9,*  -  20,=  +  + 

Next  we  have  from  equation  (82) 

4®  +  T  —  I  (4  —  !)• 

Squaring  this,  and  subtracting  24®p®  from  each  side, 
VOL.  CO.  — A.  X 


+ 


(100). 
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+  >?"  =  ¥-  ^HoV  + 

Using-  the  series  which  have  already  V)een  obtained  for  1^,/  and  (equations  (89) 
and  (90)),  we  obtain 

y  r  _  .1.^,4  I  A^2  I  2.15.  I  I 

sO  16V  U  ijV  t  54  ^  *  •  •  • 

We  can  now  evaluate  that  part  of  the  right-hand  side  of  equation  (99)  which  does 
not  contain  or  cIq. 


t  l  2  .5  .5,, -3  _ 

Si  (.64’?  48)  — 


W^e  have 

—  3^ 

2  5  2  1 

-  + 

-  0  4:  V 

_  i.i  2_5„a  1 

3  2  ^  m 

_  6  7  5„4 

3  7  5.^2 

— - tru^ 

- 3-2-V  — 

625 


6  2  5 
1  2 


(^1  +  >?)  = 


I  iilA  4_  _l_ 

8-^  d-  1-2  +  54^0  -h 


18U  +  •  •  •  ’ 

10,625 

r-.)  0  r  •  •  •  ) 

i 

34;375 

216r  •  ’ 

3125 


By  addition  the  sum  of  the  terms  in  question  is  found  to  be 

4375 


4J  .„4  _  _1_  _1_ 

iVO  T-  36  m 


547?- 


+  .  .  . 


Lastly,  we  have 

f  (So&  +  -I  Sjfo)  =  +  (2<4  +  iiO  V  +  lihr' 

+  ( —  d~  ~2A“^2)  +  •  ■  • 

Collecting  tlie  various  series,  we  find  as  tlie  form  assumed  by  equation  (99), 


o 

6r? 


^5 

'27  r]^ 


'.00 


+  (2cC  +  -|-5-§2,)  y)  +  -if  So  +  (”■  2cUo  +  V  ^  +  •  •  • ) 

1  oi-r: 

=  nv^-nrf  +  w+^.+  ■  ■  • 

+  (L  (tIV^  +  lb?"  +  “54~  +  24^2+  •  • 

+  c/o  +  t  -b  ^ 

+  <^0  • 

Equating  the  coefficients  of  the  various  powers  of  yj,  we  obtain 

1  =  fa  +  \i^U  ’ 

—  br^^j,  +  +  ^5^2  —  ~  ill  “b  a^h  +  4^2  > 

—  ~  'hh  +  =  ‘Vu  +  +  3^4  “b 

2  000U  BO.]  8O;;  37  —  43  7  5  i  .o  OOOU  I  115.  a 

- - o“4"3“^<'j.  —  2  7  ^^2  —  2  7^2  4^—2  —  5  4  >  '  2  4  3  ^4  I  2  7  ^*2  • 

Solving,  we  obtain  in  succession. 
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(1  — 

''G  -  7  5 


_  5  500  _ 

'•'  O  —  6  3  3°2  ’ 

We  therefore  find  as  the  value  of 

4375 


i  —  1  8  0„3  _  2  8  2  5-- 

&2  —  7  V  28  V 


'•*'3  —  5  6  2  5  ^2 

,7  _  43.75.  £915^ 

ct  —  SI  j.  S  I  ^’2  * 


+  •  .  .  +  §3  ^  ih  +  + 


(101). 


§23.  W  e  now  proceed  to  the  determination  of  ^3.  Equation  (85)  takes  the  form 
(§0^3  +  §2^1  +  fSs^o)  iv  —  Uo) 


5'^0i=l  \'^0b3  m  5'-'2i=07 

+  (Sol^,)-^  3^0  +  (So4  +  fS2fo)  (3^0^  -  ¥) 
+  §0^1  -  -IF^o)  +  SoS2lf^o^i 

+  3^0  +  “  3^'«  (^0”  +  '>?”)  •  •  ■  •  •  • 


(102). 


All  the  terms  on  the  right-hand  side,  except  those  in  the  last  line,  are  of  odd  degree 
in  7]  and  of  degree  5  at  most.  The  same  is  true  of  the  terms  on  the  left-hand  whicli 
are  multiplied  by  So.  The  terms  multiplied  by  83  are  of  even  degree,  two  at  most. 
It  is  therefore  clear  that  we  may  at  once  take 


jCg  —  3C.J  —  3C5  —  3C9  —  ...  —  0, 


83  —  0  ;  30^  —  3G2  —  3C1J  —  ...  —  0, 

and  assume  for  an  expansion  of  the  form 

4  =  56577^-  -f  3^3772  +  _  -I  _  .  .  .  . 


(103). 


AV  e  now  calculate  the  various  series  which  occur  in  ecpiation  (102).  We  have 

5  _2^  500 

6r)  2*1  rf’  2437?* 


So  {v  —  iQ  4  =  8^  —  “  9-^3 


3’ 


and  from  equation  (97), 

S2  -  5  fo)  =  S3  [f  (^0^  _p  ^3^  _  16  _p 


=  -80 


64 

37577 


This  last  bracket  can  be  at  once  calculated  from  the  series  of  the  last  page  ;  we  have- 

S2(^  —  3^0)  ^1  =  S2  (fr^s  _  677 -f  0 . 77“^  +  .  .  .)  ....  (104). 

Next 

fSo^^  (So4  +  fS2Go)  +  (S0G2  +  fS24)  (3^0=  -  Y)  =  {U2  +  |S2^o)  (i^i  +  3Go^ 

From  equations  (93)  and  (90)  we  have 

'-2r  -  A  +  27 


10' 
3  y 


‘‘V 


lil 

3 


=  9  2  .  Y5  , 

”^977^  8V 


(105). 


From  equations  (101)  and  (^89)  we  liave 


N  2 
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+  f  — 


o_  J  1  8  0.,3  _  2^-2_5 

8 


y-t  - 


4375 
27 'if 


_i_  A  §  J  4A.J,  I  I 

H-  8  ^2 1  2  5^  32^3  • 


I  ?  I  4  I  ^  I  I 

+  Sj  ■!  s’)  +  3,  +  27  f  + 


Wr- AHX-||I  +  ...  +  8A2>)  +  7;  +  7U  +  -- 


S  1480 
oT]  SU;'^ 


and  hence,  by  multiplication  Ayith  (105), 

ISO^I  +  I  §2^  +  (S0I2  +  I  §2^)  (34=  -  ¥) 

—  A0  2_5„u  _  1  2  7.1  2  .-s„3  I  .8  1  2  .1  ,,  _  '3,12-1 

—  5  6  V  ■  86  6  ^  li  :}o2',] 


C)20 


+  ^2  i  +  Cr?  +  ■(?  -  +  • 


Ot; 


We  have  from  equations  (80)  and  (100) 


,  5  ,  .to  ,  1000  , 

+ 24iy  +  --- 

f.=  =  ‘Jr,*  -  20,'=  +  +  . . . 


and  hence,  by  multijilication,  ve  lind 

=  h"  + 


Aini  I  I 


Therefore  (So^i)'  (3^u)  =  fit’?'  +  -  W’?  + 

From  equations  (01)  and  (80)  we  have 

J-A <iy  3  _  28_2_A e  _  4  5  3  _  10  2  5 
7  So  2  8  So  —  147  5  6  7 

and  from  equation  (03), 

§0^1  =  ¥t 

Iiv  multiplication  of  these  last  two  series, 

%  t  /ISO  e  3  _  1^2  5 y  \  _  6  7  5  .5  _ 

°0Sl  I  7  so  2  8  so/  —  ll-lV 


21,875 


144>? 

2125  ,  154,375 


847? 


q_ 


■847?3 


+  -• 


, 

1  2  I  o-  .1  u  •  ■  • 
2(7?’ 


2  6  2  5.  .3  _  312  5  |  ^^oO 

ij-i  V  S36  V  ^  W  ■ 

<  V 


50 


We  have  also 

So^i  aI {  s’?  +  3’^  +  2^1  + 

=  §2 1 iV  +  ^  +  ^  ■  +  •■■}• 


■W 


1 0 


+  0.1?  '+...} 


I 

•J 


The  last  series  we  require  is  By  multijilication  of  the  series  (91)  and  (02), 
we  find 

^0'  —  3T’?'  +  ft’?'  +  Alt’?  043,^'  +  •  •  •  • 

If  we  now  collect  the  various  series  ivhicli  have  been  obtained  and  substitute  them 
in  equation  (102),  we  find,  as  the  equivalent  of  this  equation, 
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h  +  ^  - 

^  ^  ijr] 


500 


27 T]^  343/;"’  ^ 

+  —  6r^  +  0 . 7^“^  +  .  .  .] 


5e-y)^  +  oe.^r  + 


=  So, 


+  Qy]  +  +  hlW  +  47;  +  0 .  >7  ^  +  .  .  .] 


9?; 


2  OlJ.^5 


_  12  7,12  5„3  I  .3125 
5  6  7  8  1)  ()  '/  ^ 


78,123 

7“’)  -  -^27  + 


_I_  6  7_5.  5  I  AIAy,3  _  I  r“’:’'’LL  i 

T^128^T^6i’?  144/;  ^  ‘ 


+  mv^  -  + 

+  ^5(fl>r +  llr  +  fH^  +  ; 


21,S^j 
Gt; 
0250 


‘V 
.4)00 


+  .  .  . 


24:07} 


r.A 

+  ^3(1^"  +  4^  +  +  •  •  • 

+  <’i(il>)  +  :;^+...) 


p]<juating  the  coefficients  of  the  various  powers  of  rj,  we  obtain 

iii/?  — —  ii  0  7  jr  I  aA/7 
8  ‘'j  —  1  2  8  T  3  2''5 


2  .5 
0 


"^5  + 


AS  —  _  1  5  8,6  2  5  I  2,v  4-  IV 
2  *^2  —  8y0  ■  4  8'"3  W  8''; 


_  2  5()u„  _  15. 
2  4  3  1  5  “ 


oVffi  ~  2^3  +  ¥^h  “  IG  8^  —  -|g-  +  f  1  0^5  +  4(^3  +  tv  •  • 

"  3  -  -  ""F  §2  -  =  M  ooi  ^  +  Iffi 


(lOG), 

(107) , 

(108) , 
(109). 


Solving  the  first  two  of  these  equations,  we  obtain 

^5=-F-  •  •  •  (110),  h=-\W-  •  ■  .  (111). 

Equations  (108)  and  (109)  may  be  written 

-¥r^5-¥(^3  +  -nffii)“  10S,=  . (112), 

-¥¥ffi-V(^3  +  ¥iei)-¥'^82-lffi=  ¥oo'¥-  •  •  (1'3). 

Multiply  (112)  and  (113)  by  20  and  9  respectively,  and  subtract,  and  we  obtain 

+  3008,  -  =  ¥i¥ . (114). 

From  equations  (110)  and  (HI)  we  obtain 

+  3008,  =  W2" , 

and  hence,  by  comparison  with  (114),  —  0. 

This  vanishing  of  e_^  .supplies  a  searching  test  of  the  accuracy  of  the  work. 
Equation  (112)  becomes,  after  simplification, 

^3  +  ¥j^i=-¥tF . (115). 

Our  equations  do  not  enable  us  to  determine  Cg  and  separately  ;  they  are, 
however,  all  satisfied  by  taking 


(113), 


_  in 


(117) 
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AA’hei’e  X  is  unknown.  We  therefore  have  (equation  103) 

4  ^  (3t  —  -3-)  +  terms  in  77-^,  77"®,  &c.  .  (118). 

Using  the  value  of  So  given  by  equation  (ill),  we  find  as  the  values  of 
and  cIq  (p.  91), 

,7  _  45.  ^  _  _  9.65.  ,7  _  6  9  8  7  5 

*^4  —  1>  "2  —  14)  ^0  —  504  • 

§  24.  Collecting  the  values  of  the  various  constants,  we  find  as  the  equation  to 
the  surface  (equation  70), 

^77  =  1  + 1  (^^  +  r)  +  { (f ’  +  77^^)  -  (f  +  77) }  (d  d-  \e^) 

+  [¥  (P  +  77^)  -  ¥4^  (P  +  r)  + 

_|_  0Z  ;2^5.  ^^5  _p  _  iUoiA  j  terms  in  6'%  &c.  .  (119). 

Tlie  occurrence  of  the  indeterminate  quantity  X  can  easily  be  accounted  for.  For 
if  we  liave  a  solution 

¥  =  +  Gfi  +  o\f,  +  e%+ . (1 20), 

corresponding  to  a  parameter  6  Avhich  is  connected  AAuth  the  rotation  liy  the  relation 

]  -  orl'27rp  =  So  +  S.d-  +  Sg^^  + . (121), 


then  we  can  obtain  this  same  solution  in  another  form  by  replacing  the  parameter  6 
by  a  new  parameter  6  +  \6^.  As  far  as  d®  this  leaves  the  relation  (121)  between 
and  6  unaltered,  whilst  tlie  equation  to  the  surfaces  as  far  as  6'^  becomes 

^77  =  a"-  +{9  +  Xe^)J\  +  6%  -h  ^¥3  + . (122). 

It  accordingly  appears  that  in  equation  (119)  the  value  of  X  is  entirely  at  our 
disposal.  We  shall  therefore  take  X  =  0. 


Investigation  of  Stahiliti/. 

§  25.  There  is  a  large  d  priori  probability  that  the  linear  series  we  are  now 
considering  Avill  be  stable  for  small  values  of  6,  but  it  will  be  well  to  rigorouslv 
examine  the  question. 

It  apj^ears  from  Poincare’s  researches  that  the  Avhole  investigation  reduces  to 
determining  Avhether  the  angular  momentum  is  a  maximum  or  a  minimum  at  =  0.* 
We  therefore  require  to  calculate  the  angular  momentum  as  far  as  6'^,  and  the  ansAver 
to  our  problem  will  depend  upon  the  sign  of  the  term  containing  6~. 

As  far  as  6~,  the  equation  to  the  surface  in  polar  co-ordinates  (r,  <^)  is 
(equation  (119)) 

=  ]  -j-  cos  2(j)  +  20  [r"’  cos  2(f)  —  4:('r  cos  ^) 

_p  ^2  ^9_u.^.4  4^  —  94AJ.2  QQg  2(f)  -}-  . i-23). 

Tlie  moment  of  inertia  is  given  Iia" 

I  =  dr  r  d(f) 


*  H.  PoiNCARK,  “Snr  la  Stahilite  He  rEqnilibre  des  Figures  Pyriformes 
vol.  198,  p.  .3.83. 


’  ‘Phil.  Trans.,'  A. 
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taken  over  the  surface,  and  therefore  hv 

I  =  i[V  </.)!. . (124), 

J  0 

where  r  is  given  by  equation  (123). 

Let  us  assume  a  solution  as  far  as  d’  of  the  form 

^  yd-) . (125), 

where  a,  /3,  y  are  functions  of  (/>  only,  a  being  given  by 

“"(l  ~  A  cos  2(^)  =  1 . (126). 

The  value  of  corresponding  to  solution  (12  5)  is 


and  if  we  substitute  this  value  for  r\  and  the  similar  values  for  r  and  7-®  in  equation 
(123),  and  equate  the  coefficients  of  9  and  9'\  we  obtain 

-0-/3  =  2  (a^  cos  3(/)  —  -3-a  cos  (/)) . (127), 

lyf  —  |-/3^  =  cos  'dff)  —  |a/3  COS  (/>  +  COS  4^  —  -j-ocr  cos  '2(f)  +  “5 
whence,  by  elimination  of  /3, 

ly  “  8  (a’  cos  '2(f)  —  cos  (ft)  [a?  COS  '2(f)  —  %ct  COS  (b) 

+  cos  4^  —  -y^a'  cos  2f/)  +  “504^- 

We  can  eliminate  (f)  from  this  equation  by  the  help  of  equation  (126).  The 
resulting  value  for  ^  contains  only  even  powers  of  a ;  if  we  simplify  this,  and 
transform  the  numerical  coefficients  to  decimals,  we  find 

by  =  68-la«  —  3l9-8a^  +  264-4a3  +  159-4. 

Now  we  require  to  find  the  coefficient  of  6"  in  I  (equation  (124)),  and  this  is 
|-[  a'^yd(f).  We  therefore  require  to  know  the  value  of  j  od"' d(f)  for  n  =  2,  3,  4,  5. 
This  integral  can  easily  be  evaluated  for  all  positive  integral  values  of  n  ;  the  values 


which  we  require  at  present  are  as  follows  : — 

, 

a  =  2,  3, 

4, 

5, 

—  [  d(f)  =  4'6  l/'O 

TT  Jo 

70-1 

305-3 

Substituting  these  values,  we  find  at  once  that  ■§  odyd(f)  is  a  positive  quantity. 
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Tlius  the  moineiit  of  ineitia  and  the  ano’ular  velocity  both  increase  as  6~  increases  from 
tlie  value  6  =  0.  The  moment  of  momentum  is  therefore  a  minimum  for  the  value 
6  —  0,  and  this  proves  the  stability  of  the  series  of  pear-shaped  figures. 


Ihe  Series  of  Pear-Shaped  Carves. 

§  26.  The  equation  to  the  curves  of  this  linear  series  has  already  been  calculated  as 
far  as  d".  In  order  to  obtain  a  still  better  idea  of  the  shape  of  the  curves  I  have  carried 
the  calculation  two  deo-rees  further.  The  calculation  of  these  last  two  degrees  is 
extremely  heavy,  and  I  have  omitted  all  details  in  oi'der  to  save  space.  The  method 
is  precisely  similar  to  that  which  was  followed  in  the  calculations  of  §§20-23. 

It  was  found  that  the  coefficients  multiplying  terms  in  6^'  and  6^  were  inconveniently 
large,  and  to  obviate  this,  the  parameter  has  been  changed  from  6  to  10®  "d.  After 
making  this  change  we  find,  as  far  as  6'\  for  the  equation  to  the  surface  expressed  in 
2:)olar  co-ordinates,  and  for  the  equation  determining  o)~, 

r~  =  (1  -f  -ISOO-  +  -0206^  +...)—  •211^r  cos 
-f  {-8  -  T38ffi  -  -OGOffi  +  .  .  .)  r-  cos  2cj) 

+  {-063^  -  •OOGId'^  -  -0031^^  .  .  .)  cos  S(f> 

+  (•013tl-  +  -0008 +  .  .  .)  cos  ^ 

+  (-0036(93  +  •000936'^  .  .  .)  ?'3  cos  5(/) 

-h  (-00116^3'  _p  _  _  ^.G  pQg 

+  (•00043d3  -f  .  .  .)  r‘  cos  iff)  -f  &c.  .  .  .  (128). 

1  —  oj'/2ttp  =  -625  -  -0196'  —  -016^3. . ^^29). 

§  27,  We  must  next  consider  within  wTiat  limits  the  calculated  terms  of  equation 
(128)  will  give  a  good  approximation  to  tlie  complete  equation.  It  is  clear  that  for 
given  values  of  r  and  6  the  worst  aiJjoroximation  may  be  expected  when  (f)  =  0. 
Let  us  therefore  consider  the  function  6>  {r,  6),  defined  lyv 

cp  (r,  0)  =  (1  +  -139^*  +  -023^^  +...)-  -21 1  ^r 
-  (-2  +  -138^3  +  -069^^  +  ...  )r- 
+  (-0636'  -  -0064^3  -  -0031^^)  v-s 

+  ('OlSffi  +  •0008ffi-  +  .  .  .  )  7*4  +  (•00366'3  -p  •00093d^)  )- 

+  (-001 1(9'' -p  ...  )  r'3 -p  (-00043^3 +...  )7-7  +  &c.  .  .  (130). 

The  value  of  (r,  6)  is  exj^ressed  by  a  douldy  infinite  series,  of  which  only  a  few 
terms  are  known.  When  i-  =  0,  6  =  0,  the  value  of  d>  is  known  to  he  accurately 
equal  to  unity.  For  small  values  of  r  and  6,  equation  (130)  will  give  d)  Avith 
considerable  accuracy,  but  for  larger  yalues  of  r  and  6,  the  terms  calculated  will  be 
inadecpiate  to  give  a  good  approximation  to  the  value  of  d’.  What  then,  we 
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inquire,  are  the  values  of  r  and  6  over  which  this  approximation  may  be  regarded 
as  good  ? 

The  coefficient  of  each  power  of  r  is  an  infinite  series  of  powers  of  6,  of  which 
all  terms  up  to  have  been  calculated.  A  glance  at  these  series  will  show  that  the 
approximation  is  tolerably  good  so  long  as  6~  <C  1,  but  begins  to  break  down  as  soon 
as  6  exceeds  this  unit  value. 

Supposing  that  we  have  assigned  to  d  some  definite  value  less  than  unity,  the 
value  of  tfi  (r,  0)  will  be  given  by  an  infinite  series  of  powers  of  r,  of  which  only 
the  first  seven  are  known.  For  small  values  of  r  these  first  few  terms  will  give  a 
sufficiently  good  approximation,  for  larger  values  the  approximation  will  he  bad. 


e 


and  for  still  greater  values  the  series  will  become  divergent,  so  that  the  first  few 
terms  give  no  approximation  at  all.  It  will  be  seen  from  inspection  of  equation  (128) 
that  the  approximation  will  be  toleralfiy  good  so  long  as  <  \j6^. 

The  conditions  under  which  the  calculated  terms  will  give  a  good  approximation 
may  accordingly  be  supposed  to  be  that  6^  <  and  <  i/^b  In  fig.  3  is 
represented  the  plane  of  r,  6.  The  part  of  this  plane  over  which  the  approximation 
is  good  is  that  hounded  hy  the  four  curves 

d  =  1,  6*  =  —  1,  r9  =  I,  r9  =  —  1. 

This  is  the  portion  which  is  shaded  in  the  figure. 
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In  this  same  figure  the  thick  curves  represent  the  locus, 

cp  (r,  e)  =  0, 

calculated  upon  the  supposition  that  the  calculated  terms  ol  {r,  9)  give  a 
sufiiciently  good  appi'oximation  to  the  whole.  For  the  greater  part  of  the  curve 
this  assumption  is  not  justifiable,  so  that  tlie  curve  recpiires  adjustment,  the 
amount  of  this  adjustment  increasing  as  we  recede  from  tlie  shaded  portions  of  the 
plane.  The  most  important  points  on  the  curve  are  those  at  which  ddjdr  —  0. 
Tliese  may  with  sufiicient  accuracy  for  our  present  purpose  be  taken  to  be  r  =  2, 
9—1,  and  r  =  —  2,  9  =  —  I . 

§  28.  The  points  at  which  the  axis  (f)  =  0  meets  the  curve  of  which  the  erpiation  is 
(128)  are  given  by 

cp  [r,  9)  =  0. 

Fig.  3  accordingly  enables  us  to  trace  the  motion  of  these  points  as  we  move  along 
the  linear  series,  i.e.,  as  9  increases  from  zero  upwards.  At  ^  =  0  we  have,  of  course, 
two  equal  and  opposite  roots — r  =  rh  .^/5.  As  9  increases  the  positive  root  increases, 


wdiile  the  negative  root  numei'ically  decreases.  Remembering  that  the  centre  of 
gravity  of  the  curve  must  remain  at  the  origin,  we  see  that  this  indicates  a  general 
thickening  of  the  half  of  the  curve  in  which  (ji  >  77  2,  with  a  diminution  in  the 
thickness  of  the  forward  half,  and  consequent  lengthening  of  this  half  These 
features  become  more  marked  as  9  increases,  until  we  reach  the  value  9  =  1,  at  which 
a  new  feature  presents  itself  For  liere  there  are  two  new  roots  occurring  at  the 
point  r  =  2.  This  indicates  that  the  fluid  separates  into  two  portions  when  the 
value  9=1  is  reached,  the  point  of  separation  being  r  =  2  (approximately).  We 
are  at  once  struck  l)y  the  great  inequality  in  size  between  the  })riniary  and  satellite  ; 
the  former  extending  approximately  from  r  =  —  2  to  r  =  +  2,  and  the  latter  only 
from  r  =  2  to  r  =  2^.  The  ratio  of  the  linear  dimensions  Avill  therefore  be  some¬ 
thing  like  8  to  1,  but  it  must  be  remembered  that  our  results  require  considerable 
correction  on  account  of  the  imperfections  in  oui-  approximations. 

§  29.  In  fig.  4  the  thick  curve  is  the  elliptic  cylinder  corresponding  to  d  =  0,  and 
the  dotted  curve  is  the  adjacent  curve  corresponding  to  a  small  value  of  9  {9  =  \). 
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In  figs.  5  and  6  the  curves  are  those  corresponding  to  ^  and  6^  =  I.  A  glance 
at  fig.  3  will  show  that  there  are  difficulties  in  the  way  of  drawing  these  latter  curves 
with  much  accuracy.  I  have  given  in  detail  some  of  the  calculations  used  in 
drawing  the  curve  6^  —  1,  in  order  that  the  reader  may  judge  for  himself  as  to  the 
closeness  or  otherwise  of  the  approximations.  The  curve  0"  =  ^  is  of  course  much 
easier.  Before  passing  on  to  the  calculations,  two  points  ought  to  he  noticed. 

(i.)  It  will  be  noticed  that  in  the  various  d-series  (the  coefficients  of  powers  of  r  in 
equation  (128))  the  terms  last  calculated  are  without  exception  of  the  same  sign  as 
those  j^reviously  calculated.  There  is  therefore  some  justification  for  hoping  that 
the  remainders  in  these  series  will  he  of  the  same  sign  as  these  last  terms.  If  this  is 
so,  the  error  introduced  by  the  neglect  of  these  remainders  could,  to  an  appreciable 
extent,  he  reduced  by  an  adjustment  in  tlie  value  of  0.  Thus  we  shall  be  attempting 
to  calculate  the  curve  for  (say)  d  =  1 ,  and  shall  obtain  a  curve  which  is  much  more 
like  the  curve  for  some  smaller  value  of  6  (say  6  =  '98)  than  it  is  like  the  curve 
6=1.  Begarded  as  an  attempt  at  tracing  a  surface  of  e<pnlibrium  the  error  will  be 
much  smaller  than  if  regarded  as  an  attempt  at  tracing  the  particular  curve  6=1, 


(ii.)  It  will  be  noticed  that  the  sign  of  the  leading  terms  in  each  of  the  series 
multiplying  /•'b  is  positive.  An  examination  of  the  method  by  which  these 

leading  terms  are  calculated  will  show  that  this  is  a  general  law  ;  all  the  leading 
terms  after  are  of  positive  sign.  Thus  the  error  will  be  reduced  by  supposing  the 
series  (128)  continued  to  higher  powers  of  r  by  a  suitably  chosen  series  of  terms. 
I  have  accordingly  done  this  in  the  calculations,  and  the  conjectural  terms  are, 
th  roughout,  enclosed  in  S(piare  brackets."^ 

The  Curve  0^  =  (Fig.  5.) 

§  30.  In  tracing  this  curve  I  started  from  (f,  =  n,  and  calculated  a  series  of  points 
on  the  curve  for  decreasing  values  of  <^.  The  approximation  at  </>  =  tt  was  found  to 

*  The  effect  of  these  corrections  must,  of  course,  be  small ;  but,  at  the  same  time,  it  seems  as  well  to 
make  use  of  any  definite  knowledge  that  we  possess. 
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be  good,  the  root  being  IMS,  and  the  error  occurring  only  in  tlie  tbird  decimal  jjlace. 
As  <f)  decreases  the  approximation  improves,  and  at  <f)  =  TTj'l  the  error  occui'S  only 
in  the  fifth  decimal  place.  At  (f)  =  7 the  error  again  appears  in  the  third  place, 
and  after  this  the  approximation  is  bad.  My  plan  vas  to  calculate  for  smaller  values 
of  (j)  as  well  as  I  could,  taking  care  to  keep  the  values  of  r  in  defect  rather  than 
excess  of  their  true  's^alues.  The  curve  was  then  plotted  out  on  paper  ruled  with 
squares  of  1  millim.,  the  unit  of  length  being  taken  to  be  50  millims.'^' 

The  area  of  the  elliptic  cylinder  of  tig.  4  is  known  to  be 

13,000  sq.  millims., 

and  this  would  also  have  been  the  area  of  the  present  curve  had  it  been  accurately 
drawn.  The  area  of  the  curve  (obtained  by  counting  squares)  was,  however,  found 
to  be 

12,776  sq.  millims. 

The  moments  about  the  axis  <p  =  7t,‘1  of  the  two  parts  of  the  curve  {<f)  >  7t/2  and 


(^<7r;'2)  ought  of  course  to  be  equal  :  these  were  found  to  be  respectively 

208,290  cub.  millims.  and  302,850  cub.  millims. 

It  was  therefore  obvious  that  the  curve  had  been  too  much  shortened  in  the  region 
in  which  ^  <  7T°. 

Keadjusting  the  curve  in  this  region  so  as  to  divide  the  error  as  ee[uaUy  as  possible, 
I  arrived  at  a  cui've  Avith  outstanding  errors  in  area  and  moment  of 

130  sq.  millims.  and  —  130  sq.  millims.  at  r  =  125  millims.,  (f)  =  0. 

This  is  the  curve  given  in  hg.  5.  It  Avill  be  seen  that  the  error  is  one  of  about 
1  per  cent. 

Calculation  of  the  Curve  9 —■  i.  (Fig.  G.) 

§  31.  The  equation  of  the  curve  is  found  to  be 

r- =  1-162—  -2117' CoS  0+  •503;-' cos  2^ -f  -053?’^  cos  3(^  +  -Ollr^cosI^ 

+  'OOISF  cos  50  +  -UUl  Ir*"  cos  60  +  ’GOOISr"  cos  70 
4*  [■00U2r^  cos  80  +  'OOUI  r'Aos  00  +  .  .  .j 
the  terms  in  square  brackets  being  those  mentioned  at  the  end  of  §  20. 

*  This  lius  been  photographically  reduced  to  25  millims.  before  printing. 


OF  ROTATING  LIQUID  CYLINDERS.  101 

We  calculate  in  succession  the  value  of  the  radius  vector  when  (f)  —  180°,  150°,  120°, 
90°,  60°,  45°,  &c.  The  value  of  r  is  a  root  of  (r)  =  0,  where 

4?  (r)  =  —  r”  +  1’162  —  ‘2llrcos(f)  +  &c. 

Our  method  will  be  to  find  a  value  of  r  for  which  cR  (v)  is  small,  and  calculate  fi>(r) 
and  d^ldr  at  this  point.  The  true  root  Ti  is  then  given  by 

R = , 

{i')ldr 

When  cf)  =  TT,  cfi  =  1-162  -f  -21  Ir  —  -LOZm  —  -0537’^  +  -OH/-^  —  '0045r5  +  -001 0-e 

—  -00043?’^  H-  [-0002;-®  —  -0001  +  ...]. 

When  r  =  1-8,  <h  :=  1-162  +  -380  —  1-319  —  -310  +  -147  -  -085  +  *038  —  -026 

+  [-020  —  -018  —  -003  +  [-01], 

d^jclr  '21  —  1-4  —  -5  -j-  -3  —  -2  '1  —  .  .  .  —  —  14:, 

therefore  K  =  1-8  —  -002  +  [-007],  or,  II  =  1-805. 

When  (f)  =  577/6,  ffi  =  1-162  +  -1827-  —  -704?-  ~  -OOZ?-'^'  -f-  •0039;-"  —  -001 1?'® 

+  -00036r'  -  [-00017-8  +  -0000?*^'^  +...]• 

When r  =  ^2  =  1-414,  4>=ri62  +  -257-l-408--028+ -022  — -OOO  +  'OOI  -  [-001] 

=  -000  -  [-001], 

therefore  11=1-414, 

When  (fi  =  77/2,  $  =  1-162  —  1-5937-  fi-  -0147-^  —  -OOll/-*^  +  [-0002r®]  +  .  .  . 

When  7’^  =  ’74,  r  =  -859  ; 

fh  =  1-162  —  1-179  +  '007  -  -0003  +  [-0000]  +  ...  =  —  -010  ; 
d^ldr  =  —  2-5  ;  therefore  R  =  -859  —  -004  =  -855. 

When  (f>  =  7|-°,  fL  =  1-162  -  -2097-  -  -4277-'^  +  -0467-®  +  •0127-'^  + -0036?-^  +  'OOOS/’S 

+  -00037-'  +  [-00017-®  +  -00004/-'-^  -f  .  .  .]- 

When  7-"  =  3,  7-=  1-732,  fl>  =  1-162  —'348  —  1-281  +'241  -|--108  +-056  +  '021 

+  -014  +  [-008  +  -005  +  ...]=-  -027  +  ['01]. 

d^P/dr  =  -  -209  -  1  -44  +  '42  +  '23  +  '17  +  '08  +  ...  =  -  '75  ;  therefore 

R  =  1-732  —  -036  +  [-01]  =  UZl. 

When  (^  =  4°,  (p  —  1-162  —  '21  \r  —  -llO?-'  +  '0527-®  +  -014?-^  +  -004/-^  +  'OOlr'’ 

+  -0004?-^  +  [-000177-®  +  -00008?--’  +...]. 

When  7-  =2,  =  ri62  —  '422  —  1-640  +  '416  +  '224  +  -128  +  '064  +  '051 

+  [-05  +  -04  +  ...]=-  -02  +  [-1  ?]. 

d^/drz=  --211  -  1-640  +-624  + -448  + -320  + -192  +'-178  +  [-18  + -18  + . .  .] 

=  -oi+[?]. 

When  r  =  1-8,  4)  =  1-162  -  -390  -  1-328  +  -297  +  '147  +  -076  +  -034  +  '023 

+  [-017  +  -014  +  ...]=  -02  +  [-05]. 

d^P/dr  =  —  -211  —  1-47  +  '49  +  '33  +  '21  +  'll  +  -09  +  ['08  +  '07  +  .  .  .] 

=  -  -45  +  [-2]. 
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There  is  tlierefore  a  rout  at  about  r  =  I'Jo,  but  it  is  clear  that  we  are  already  in 
the  region  at  which  the  ap])roximatioii  ceases  to  be  satisfactory,  and  that  we  are  close 
u])on  the  region  in  which  the  series  become  actually  divergent. 

The  smallness  of  (J^/dv  indicates  that  somewhere  in  the  neighbourhood  of  the  point 
just  calcidated  we  come  to  a  point  at  wliich  there  is  a  pair  of  equal  roots  for  r,  and 
therefore  a  “minimum”  in  the  value  f)f  This  is  the  “neck”  of  which  the  first 
signs  are  apjrarent  in  fig.  5.  Let  us  refer  to  all  the  matter  to  the  left  of  this  “  neck  ” 
as  tlie  “  primary,”  to  all  that  to  the  right  as  the  “  satellite.”  Let  the  exact  line  of 
division  l)e  a  vertical  line  at  a  distance  2  from  the  origin. 

The  2)rimary  has  been  drawn  with  fair  accuracy  ;  the  satellite  must  be  cLawn  in 
the  manner  adopted  in  the  difficult  region  of  the  former  curve. 

The  area  of  the  primary  was  found  to  be 

11778  sq.  millims., 

and  this  leaves  1312  sq.  millims.  to  be  accounted  for  by  the  satellite  and  the  error  in 
drawing.  The  centre  of  gravity  of  tlie  primary  was  found  to  be  4v  millims.  to  the 
left  of  the  origin.  Distributing  the  error  as  equally  as  possible,  I  have  arrived  at  the 
curve  of  fig.  6.  The  area  r)f  primary  and  satellite  are  respectively 

11778  and  881  sq.  millims., 

the  error  in  area  is  a  defect  of  431  sq.  ]nilli]ns.,  and  tliat  in  the  moment  about  (^  =  7r/2 
is  that  of  an  excess  of  431  sq.  millims.  at  the  point  v  —  125  millims.,  (f)  =  0.  The 
error  in  the  whole  curve  is  therefore  ahout  3  per  cent.  ;  that  in  the  satellite  is 
unfortunately  of  the  same  order  of  magnitude  as  the  satellite  itself 

§  32.  Tlie  following  table  sums  up  the  results  which  have  been  obtained,  and  also 
ci.intains  some  new  results.  The  moments  of  momentum  of  the  last  curves  were 
obtained  by  a  })recess  of  counting  on  squared  papei',  and  are  not  carried  to  any  great 
accuracy. 


Curve. 

Area. 

.■) 

(t>- 

•2-p  ' 

Angular  momentum 
^omitting  factor 

(1) 

Circle  .... 

1 

0 

0 

(2) 

19  .... 

— 

1 

•43 

oo 

(3) 

J9  .... 

Point  of  bifurcation  . 

1 

•5 

•35 

(4) 

Ellipse  .... 

Ratio  of  axes  v^S  :  1  . 

1 

•43 

•44 

(5) 

„  fig.  4  .  . 

Point  of  bifiu’cation  :  ratio 
of  axes  3  :  1 

1 

•375 

•51 

(6) 

Fig.  5  .  .  .  . 

=  4 . 

1 

•39 

•53 

(D 

Fig.  6  .  .  .  . 

?  ^  .... 

02=1 . 

1 

•421 

•551 

(8) 

Separation  of  fluid  into 
primary  and  satellite 

1 

•431 

•571 

(9) 

1  I'he  tvo  parts  f 

Primary . 

•931 

•431 

•401 

(10) 

J  of  curve  (8)  { 

Satellite . 

•07  « 

•431 

•1711 
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In  thi.s  table  the  quantities  of  which  the  numerical  values  are  doubtful  are 
marked  with  a  query.  A  single  query  indicates  a  probable  error  of  1  or  per 
cent.  ;  a  double  query  indicates  that  the  error  may  be  comparable  witli  the  quantity 
itself 

Let  us  examine  the  state  of  things  just  after  separation  has  taken  place.  The 
satellite  is  descrilhng  an  orbit  about  the  primary,  both  bodies  rotating  with  the  same 
angular  velocity.  This  angular  velocity  is,  to  within  a  few  per  cent.,  given  hy 

wV27rp=-43 . (131). 

If  the  satellite  exerted  no  attraction  upon  the  primary,  tlie  figure  of  the  primary 
would  be  a  figure  of  equilibrium  under  the  influence  of  a  rotation  given  by  (131). 
The  force  exerted  by  the  satellite  may  be  divided  into  two  parts,  a  uniform  force 
in  the  direction  6  —  0,  and  a  tide-generating  force  of  tlie  usual  kind.  If  the  former 
of  these  existed  alone,  the  configuration  of  the  primary  would  still  be  one  of 
equililjrium  under  a  rotation  of  amount  given  by  (131).  We  therefore  see  tliat  the 
actual  cohfigui-atinn  of  the  inimary  may  Ije  regarded  as  a  configuration  of  ecpiilibrium 
under  ivdation  given  by  (131),  disturbed  by  the  tide-generating  potential  which  is 
caused  by  the  satellite. 

Since  this  tide-generating  potential  is  small,  except  in  the  immediate  neighbour¬ 
hood  of  the  satellite,  it  ought  to  be  possible  to  remove  the  tides  from  the  surface 
of  the  primary,  and  form  a  pretty  good  idea  of  the  configuration  which  would  be 
the  configuration  of  tlie  primary  except  for  tidal  disturbance.  If  this  is  done  witli 
the  primary  of  fig.  G,  it  will  be  found  that  the  remaining  curve  is  a  very  good 
ellipse.  We  may  therefore  conjecture  that  curve  (9)  is  an  ellipse  deformed  by  the 
tidal  influence  of  its  satellite. 

Now  the  ellqise  corresponding  to  the  amount  of  rotation  given  by  (131)  is 
curve  4  of  the  preceding  table.  We  see  that  the  axes  are  in  the  ratio  y/5 1,  and 
this  is  in  good  agreement  with  the  ellijise  olitained  hy  removing  the  tides  in  fig.  G. 
The  momentum  of  the  ellipse  of  unit  area  of  whlcli  the  axes  are  in  the  ratio  .^/S  ;  1 
(curve  4)  is  ‘44.  If  we  reduce  this  so  as  to  api)ly  to  an  ellijise  of  area  '93  instead  of 
to  one  of  unit  ai'ea,  we  find  an  angular  momentum  of  '38.  Since  this  ellipse  must  be 
supposed  to  rotate  not  about  its  centre,  bnt  about  the  centre  of  gravity  of  itself  and 
a  satellite  about  one-fifteenth  of  its  mass,  situated  at  the  end  of  its  axis,  this  angular 
momentum  must  he  increased  to  aliout  ‘39.  The  small  discrepancy  between  this  and 
the  value  ’40  obtained  for  curve  9  may  be  accounted  for  pai'tly  by  'errors  of 
approximation,  and  partly  by  the  increase  of  momentuhi  caused  by  the  tidal 
deformation  of  tlie  ellipse. 

We  can  check  our  result  in  another  way.  The  equation  of  the  ellipse  being 

ax^  -f-  /u/”  =  1 . (1G2), 

the  force  at  x,  0,  a  point  near  the  extremity  of  the  major  axis  and  outside  the  ellipse, 
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icop 


may,  to  a  good  approximation,  be  taken  to  be  ^  , 

centre  of  gravity  of  the  satellite,  this  must  be  equal  to 


,  and  if  x,  0  is  the 


the  factor  ‘03  being  introduced  to  allow  for  the  displacement  of  the  centre  of  gravity 
of  the  primary. 

Taking  =  y/(5a),  we  find  the  equation 


and  putting  orjiirp  — 


r-^/-  =  -93  , 

I  +  w  ~7rp 

’43,  tliis  gives  the  values 

ax~  =  1'54,  .  ,r  =  1-24. 


Now  ya .  X  is  the  sum  of  the  semi-axes  of  primary  and  satellite  divided  by  the 
semi -axes  of  the  primary.  The  equation  just  found  is  therefore  about  as  true  as 
could  be  expected,  the  linear  diameters  of  primaiy  and  satellite  being  approximately 
in  the  ratio  of  4  to  I. 

The  ellipse  given  as  curve  4  is  stable,  and,  since  the  mass  of  the  satellite  is  small 
compared  with  that  of  the  primary,  we  may  suppose  the  combination  of  primary  and 
satellite  to  be  stable.  Thus,  if  our  conjecture  as  to  the  interpretation  of  curve  8 
is  sound,  it  appears  that  the  linear  series  which  commences  with  curve  5  remains 
stable  until  the  mass  separates  into  two  masses. 

The  motion  of  a  gradually-cooling  mass  will  therefore  be  through  the  following 
cycle  of  changes.  Firstly,  increase  of  the  ratio  [angular  momentum  -E  (area)-]  until 
we  reach  curve  5.  Then  motion  alono’  Poinoaue’s  linear  series  until  we  reach 

o 

curve  9.  At  this  j)oint  separation  takes  place,  and  the  primary  is  left  as  a  tidally- 
distorted  form  of  curve  4.  As  the  satellite  recedes  the  tidal  distortion  decreases, 
and  as  the  value  of  the  ratio  [angular  momentum  -F  (area)“j  again  increases,  the 
configuration  moves  along  the  Jacobian  series  of  elliptic  cylinders  imtil  curve  5  is 
again  reached.  Tin’s  completes  the  cycle,  and  the  continual  repetiti<m  of  the  cycle 
can  only  be  ended  l)y  solidification,  or  some  similai’  cause  which  is  outside  our  present 
considerations. 

I  have  not  attempted  to  give  any  discussion  of  results  from  the  point  of  view 
of  dynamical  astronomy.  The  complications  introduced  ly  the  heterogeneity  and 
compressibility  of  natural  substances,  as  well  as  by  the  difference  ])etween  the  two- 
dimensional  and  three-dimensional  problems,  are  so  great  that  any  discussion  with 
reference  to  the  actual  conditions  of  astronomy  would  be  impo.ssible  in  the  present 
paper. 

I  have  had  the  advantage  of  frequent  conversations  with  Professor  Darwtx  on 
tlie  subject  of  this  j^ajier  ;  my  thanks  are  also  due  to  Professor  Foesytji  for  advice  in 
connection  with  tlie  earlier  sections. 
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1.  Introduction. 

CoxsiDERiXG  how  much  depends  upon  our  knowledge  of  the  relationship  betAveen 
the  thermodynamic  scale  of  temperature  and  the  various  scales  of  temperature  as 
determined  by  means  of  gas  thermometers,  it  is  surprising  that  so  little  attention 
has  been  paid  to  the  matter  in  recent  years.  Indeed,  instead  of  attempting  to  arrive 
at  the  necessary  experimental  data  for  the  solution  of  the  j^roblem,  it  appears  as  if 
chemists  and  physicists  Avere  prepared  to  accept  arbitrary  scales  of  temperature, 
AA’hich  ditier  considerably  one  from  another. 

Since  the  problem  Avas  first  attacked  by  Joule  and  Lord  Kelvin,  more  than  hall 
a  centuiy  ago,  it  has  been  made  the  subject  of  inA'estigation  by  more  than  one 
mathematician.  Itecently  {‘  Phil.  Mag.,’  1901,  Ami.  2,  p.  130)  J.  IIo.se-Inxes  has 
succeeded  in  developing  some  fairly  simple  equations  by  means  of  AA'hich  the  difierence 
hetAveen  the  thermo-dynamic  scale  of  temperature  and  the  temperature  determined 
by  means  of  gas  thermometers  can  be  calculated.  The  data  nece.ssary  in  the  case  ot 
each  gas  are  the  folloAving : — 

(«.)  The  coefficient  of  increase  of  pressure  at  constant  A’olume, 

(h.)  The  coefficient  of  increase  of  Amlume  at  constant  pressure. 

(c.)  The  A'ariation  of  “p.A’.”  Avith  pressure  at  difierent  temperature. 

(d.)  The  Joule-Tliomson  effect  and  its  Amriation  with  temperature. 

Applying  existing  data  to  his  equations,  Eose-Innes  arriA*ed  at  results  AA'hich,  as 
tlie  folloAving  table  shoAvs,  are  anything  but  satisfactory  :  — 


Correction  of  the  Constant -Volume  Thermometer. 


Ga.s. 

Pressure  on 
gas  at  ice-point. 

Teiiq^erature  of  ice- 
point  (reciprocal  of 
pressure  coefficient). 

Correction. 

Absolute  ice- 
point. 

Hydrogen . 

iiiillims. 

1000 

273-01 

0-12 

273-16 

Xiti’ogeii . 

995 

272-13 

1-23 

273-36 
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Correction  of  the  Constant-Pressure  Thermometer. 


Temperature  of  ice-point 

Gas. 

(reciprocal  of 
volume  coefficient). 

Correction. 

Absolute  ice-point. 

Hydrogen . 

273-13 

-0-13 

273-00 

Nitrogen . 

273-41: 

0-72 

273-16 

Of  the  data  employed  in  making  the  foregoing-  calculation  only  the  pressure 
coefficients  of  hydrogen  and  nitrogen,  which  have  been  determined  by  P,  Chappuis, 
of  the  “Bureau  International  des  Poids  et  Mesures,”  and  the  variation  of  “p.v.”  with 
pressure  at  the  normal  temperature,  which  has  been  recently  investigated  by  Onnes 
(‘Leiden  Laboratory  Reports,’  1901)  in  the  case  of  hydrogen,  can  he  considered 
as  being  known  with  sufficient  certainty.  Amagat  has  determined  the  variations  of 
“  p.v.”  for  nitrogen,  hut  the  experiment  was  made  at  high  pressure  and  not  at  the 
pressure  under  which  thermometric  measurements  are  usually  made.  In  view  of 
the  fact  that  both  air  and  oxygen  appear  to  obey  Boyle’s  law  at  pressures 
below  150  millims.  of  mercury  (Rayleigh,  ‘Phil.  Trans.,’  A,  vol.  198,  p.  417),  extra¬ 
polation  of  Amagat’s  results  at  high  pressure  does  not  seem  justifiable ;  and  to 
obtain  the  data  necessary  for  the  correction  of  the  gas  thermometer  the  variations 
of  “  p.v.”  should  he  carefully  investigated  at  pressures  below  two  atmospheres. 
Regxault’s  values  for  the  volume  coefficients  of  nitrogen  and  hydrogen  are  not 
to  he  relied  ujion. 

The  Joule-Thomson  effect  for  air  and  hydrogen  was  detemiined  by  Joule  and 
Lord  Kelvin  more  than  half  a  century  ago.  Without  discussing  their  results,  it 
may  lie  pointed  out  that  by  employing  electrical  methods  for  tlie  measurement  of 
temperature,  it  should  now  he  possible  to  measure  the  effect  with  a  much  higher 
degree  of  accuracy,  and  over  a  wider  range  of  temperature  than  was  then  possible 
An  investigation  in  this  direction  has  lieen  commenced  by  Dr.  R.  A.  Lehfeldt 
conjointly  with  one  of  us. 


2.  Suitalne  Thermometric  Substances. 

For  the  reason  that  the  composition  of  atmospheric  air  varies  with  the  prevailing 
condition,  air  is  not  a  suitable  substance  for  use  in  thermometry.  Atmospheric 
nitrogen  appears,  however,  to  contain  a  constant  cpiantity  of  argon  and  its  companions, 
and  may  be  employed  in  thermometry  over  a  range,  limited,  perhaps,  by  the  tem¬ 
peratures  at  which  it  condenses  on  the  one  hand  and  dissociates  on  the  other. 

Until  recently,  hydrogen  appeared  to  be  the  most  important  thermometric  substance. 

r  2 
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The  constant-volume  hydrogen  .scale  a])peared  to  approximate  closely  to  the  al)solute 
scale  of  temperature,  and  the  gas  could  be  employed  in  any  measurements  to  which 
thermometers  could  be  aj)plied.  For  this  reason  the  Comite  International  adopted 
as  the  normal  scale  of  temperature  the  scale  of  a  constant-volume  hydrogen  ther¬ 
mometer,  in  which  the  pressure  at  the  ice-point  was  1000  millims.  of  mercury. 

Ptecently,  however,  we  have  succeeded  in  reaching  temperatures  at  which  the 
vapour  pressure  of  hydrogen  itself  is  extremely  small,  and  which  cannot  be  investi¬ 
gated  by  means  of  the  hydrogen  thermometer  with  any  degree  of  accuracy  (see  p.  179). 
Furtlier,  it  has  now  been  ascertained  that  at  high  temperatures  hydrogen  will  reduce 
glass,  porcelain,  and  even  silica ;  and  as  the  gas  diffuses  readily  through  the  walls  of 
2)latlnum  vessels,  its  application  in  this  direction  must  be  considered  limited. 

It  has  been  pointed  out  by  one  of  us  (“  ExjDerimental  Study  of  Gases,”  p.  156)  that 
pure  helium  appears  to  be  a  much  more  perfect  thermometric  substance  than  hydrogen. 
It  is  chemically  inactive  ;  and,  so  far  as  we  can  predict,  is  incapable  of  undergoing- 
dissociation  at  high  temperatures.  Hence  it  is  jjrobable  that  measurements  of  high 
temperatures,  made  by  means  of  quartz  thermometers  filled  with  helium,  are  alone 
to  be  relied  upon.  For  the  measurement  of  low  tenqoeratures  it  j^i'esents  similar 
advantages  ;  for  as  it  appears  probable  that  its  critical  point  lies  below  12°abs,,  it  may 
be  considered  as  remaining  a  very  perfect  gas  down  to  the  lowest  temperatures  which 
it  has  hitherto  been  possible  to  reach. 

Further,  as  the  following  results  show,  the  hydrogen  and  helium  scales  agree  closely 
between  0°  and  100°  C.,  and  consequently  it  may  be  assumed  that  at  temperatures 
above  0°  C.  the  difference  between  the  thermo-dynamic  scale  of  temperature  and  the 
scale  of  a  constant-volume  thermometer  filled  with  one  of  these  gases  is  small.  At 
lower  temperatures  the  divergence  between  the  two  scales  is  small,  but  the  contraction 
of  the  helium  being  always  less  than  that  of  the  hydrogen  indicates  that  the  former 
remains  the  more  perfect  gas.  Unless  some  hitherto  unknown  olqection  is  attached 
to  the  use  of  the  helium  thermometer,  the  helium  scale  should  replace  the  hydrogen 
scale  as  the  normal  scale  of  temperature. 


■3.  Previous  Measurements  of  the  Pressure  Coefficient  of  Hyrlrogen  and  Helium. 

The  first  step  in  the  sei'les  of  researches  on  which  w-e  have  embarked  consisted  in 
the  determination  of  the  pressure  coefficients  at  con.stant  volume  of  hydrogen  and 
helium  between  the  melting-point  of  ice  and  the  boiling-point  of  water  under  standard 
pressure,  w-hlch,  in  the  ba.sement  of  University  College,  is  equivalent  to  759-56  millims. 
of  mercury  at  0°  0.  The  coefficient  for  hydrogen,  at  a  j^ressure  of  100  millims.  of 
mercury  at  the  ice-point,  is  given  l)y  Chappuis  (“  Travaux  et  IMemoires  du  Bureau 
International  des  Folds  et  Mesures”)as  0-00366254,  the  mean  of  seven  determinations, 
of  which  the  highest  is  0-00366271  and  the  lowest  0-00366231,  and  on  this  deter- 
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iniiiation  the  normal  scale  of  temperature  of  the  Comite  International 
Kammerliugh  Onnes  (‘Leiden  Communications,’  1901,  No,  60)  gives  ^ 
0-0036627  as  the  value  of  the  coefficient,  the  actual  numbers  being  ^ 
0-0036624,  0-0036628,  0-0036628.  The  result  obtained  by  Regnault,  p 
0-0036613,  need  not  now  be  considered.  ^ 

It  has  hitherto  been  assumed  that  the  pressure  coefficient  for  ^ 
hydrogen  is  independent  of  the  initial  pressure,  and  does  not,  as  in  ^ 
the  case  of  nitrogen,  decrease  and  at  length  attain  a  limiting  value. 

As  important  deductions  have  l^een  based  on  tliis  statement,  we  'p 
decided  to  measure  the  coefficient  for  our  standard  gases  at  initial 
pressures  corresponding  to  350,  500,  and  700  millims.  of  mercury. 

An  approximate  measurement  of  the  pressure  coefficient  of  helium 
was  made  by  Kuexen  and  Randall  in  1895  (‘Phil.  Mag.’).  In 
employing  the  helium  thermometer  for  the  measurement  of  low 
temperatures,  Olszewski  assumed  that  the  coefficient  is  the  same 
as  that  of  hydrogen. 


4.  Accuracy  of  the  Results. 

In  order  to  determine  the  fifth  significant  figure  in  tire  pressure 
coefficient,  the  total  error  must  not  exceed  1  part  in  40,000,  a  degree 
of  accuracy  which  it  is  practically  impossible  to  attain  in  individual 
experiments.  As  Avill  lie  seen  later,  the  greatest  error  in  our 
observations  may  be  attributed  to  inaccuracy  in  the  scale  wliicli,  o\'er 
the  whole  length,  may  be  considered  accurate  to  at  least  O'Ol  millim., 
or  to  1/25,000  of  the  increase  of  pressure  on  the  gas  between  0°  and 
100°  C.  at  an  initial  pressure  of  700  millims. 

5.  Apparatus  employed  in  the  Research.  The  Barometer. 

Since  at  the  boiling-point  of  water  a  change  of  pressure  of  0-1  millim. 
of  mercury  corresponds  to  a  change  of  temperature  of  0-0036°  Cl,  or 
1/20,000  of  the  difference  between  the  boiling  and  freezing-points  of 
Avater,  it  was  sufficient  to  obserA-e  the  atmospheric  pressure  Avith  this 
degree  of  accuracy.  The  liarometer  employed  is  shoAvn  in  fig.  1  ;  it  Avas 
constructed  by  us  specially  for  tliis  research.  The  upper  chamber  A 
Avas  20  millims.  in  diameter  and  200  millims.  in  lencrth.  It  was  sealed 
to  the  stem  B,  AAdiich  Avas  draAvn  out  at  the  loAver  end  C  to  a  capillary 
tube  of  an  internal  diameter  of  about  1  millim.  In  filling  the  barometer, 
the  capillary  end  of  the  tube  B  aaxis  sealed  to  a  T  tube  (fig.  2),  of  Avhich 
the  branch  D  led  to  the  mercury  pump,  and  the  brancli  C  projected 
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downward  and  was  drawn  to  a  fine  point,  wlilch  was  sealed.  The  portions  A  and  B 
of  the  apparatus  were  heated,  and,  when  the  apparatus  was  thoroughly  exhau.sted, 
the  point  of  the  tube  E  was  broken  below  the  surface  of  some  warm  mercury  in  a 
basin.  The  mercury  entered  slowly,  and,  passing  through  the  constriction  C,  ran 


down  into  A,  whicli  was  heated  sufficiently  to  boil  the  licpiid.  When  the  apjDaratus 
was  completely  filled,  the  tube  was  cut  through  the  constriction  C',  and  the  small  bubble 
of  air  whicli  remained  in  B  ivas  replaced  by  mercury. 

Both  the  upper  chamlier  and  the  limb  of  the  U  tube  which  formed  the  lower  chamber 
Avere  set  by  means  of  plaster  of  Paris  into  brass  mounts  KK',  whicli  ivere  soldered 
to  plates  IP,  slioAim  in  section  in  the  drawing.  In  the  case  of  the  upper  chamber 
this  Aims  done  after  it  had  been  filled  AAntli  mercury.  In  setting  up  the  barometer 
the  IT  tube  FG  aa^s  fir.st  fixed  to  the  piece  of  AAmod  L  AAdiich  supported  the  instru- 
jiient,  and  AA^as  then  filled  AAotli  mercury.  The  upper  portion  Aims  then  iiiA'erted,  the 
open  end  plunged  into  the  limb  F  of  the  U  tube,  and  the  brass  plate  I  screAved  to 
AA'ooden  su]i])ort  L.  A  dish  AAms  placed  beloAA^  the  apparatus  to  catch  the  mercurA" 
oA'erfloAAnng  from  F  ;  finally  some  of  the  mercury  in  the  U  tube  AA’as  renioA’ed  by 
means  of  a  syphon,  so  that  the  surfiice  of  the  mercury  in  the  upper  and  loAA'er 
chambers  appeared  as  in  the  figure. 

The  scale,  AA^liich  AA’as  jfiaced  in  front  of  the  barometer,  consisted  of  a  piece  of 
j'late-glass  to  AA’hich  AA^ere  joined,  by  means  of  Canada  balsam,  Iaa’o  short  scales 
.100  millims.  in  length  and  dlA’ided  in  millimetres.  To  preA'ent  them  shifting, 
through  the  floAving  of  the  cement,  they  AA’ere  further  fixed  by  a  binding  of  copper- 
AA’ire  coA’ered  AA’itli  plaster  of  Paris  at  the  top  and  bottom.  The  scale  AA'as  compared 
AA’ith  a  standard  scale  from  the  Physikalische  Eeichsanstalt  at  Charlottenburg,  and 
afterAAairds  at  the  National  Ph3"sical  Laboratory  AA’itli  a  standard  metre  (p.  119).  The 
temperature  of  the  column  of  mercuiy  AA-as  measured  by  means  of  a  thermometer 
diA’ided  to  -_4-°  G.  placed  half-AA’ay  betAA’een  the  top  and  l.Aottoim 
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Headings  of  the  barometer  were  made  by  means  of  two  telescopes  placed  on  a 
stand  op230site  the  instrument.  The  barometer  itself  was 
attached  to  a  pillar  so  that  a  card  placed  behind  (fig.  3) 


it  at  an  angle  of  45°  to  the  line  of  sight 


wave  a 

O 


good 


illumination  from  a  window  at  the  side.  The  upper  half 
of  the  card  was  black,  the  lower  half  white,  and  before 
taking  a  reading  the  card  was  adjusted  so  that  the 
dividing  line  appeared  about  1  millim.  above  the  surface 
of  the  mercury.  By  this  arrangement  the  meniscus 
ajjpeared  perfectly  sharp,  as  all  surface  reflections  were 
completely  eliminated. 

Mercury  Thermometers. — The  mercury  thermometers  em¬ 
ployed  in  these  observations  were  compared  with  the 
thermometer  em^jloyed  to  measure  the  temperature  of  the 
dead-space.  This  thermometer  was  itself  compared  with 


the 


gas 


thermometer  and  the  error  over  the  small 


range  of  temperature  required,  viz.,  8°  to  12°  C.,  Avas 
known  to  within  U'02°.  The  Aveiu’lit  of  such  an  error  Avill  be  discussed  later. 


G.  The  Constant-Volume  Thermometer. 

'The  apparatus  employed  in  the  determination  of  the  pressure  coeflicients  of  llic 
gases  differs  in  many  respects  from  that  employed  by  other  observers.  Ciiaitujs 
enqdoyed  thermometers  of  hard  glass  and  of  platino-iridium,  and  Oxnes  ljulbs  of 
hard  glass ;  in  both  cases  the  connection  between  the  thermometer  bullj  and  the 
dead-space  was  made  by  means  of  a  steel  tulje  connected  with  the  glass  Ijy  means 
of  cement. 

Beyond  the  fact  that  hard  glass  has  a  slightly  lower  coefficient  of  expansion  than 
soda  glass,  there  is  no  advantage  in  employing  it ;  on  the  other  hand,  soda  glass  is 
more  easily  worked,  and  as  by  using  it  the  bulb,  stem,  and  dead-space  can  all  Ije 
made  in  one  piece,  considerable  advantage  is  to  be  gained.  The  bulb  of  our  instru¬ 
ment  (fig.  4)  was  made  by  sealing  a  piece  of  glass  tube  30  millims.  in  diameter  to  a 
capillary  tube  0‘75  millim.  in  internal  diameter,  Avhich  for  convenience  in  calibration 
Avas  divided  in  millimetres  for  a  portion  of  its  lengtli.  The  stem  Avas  bent  at  right 
angles  at  C  (fig.  4),  and  ultimately  sealed  at  D  to  the  portion  of  the  stem  leading  to 
the  dead-space. 
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7.  Tlte  Ccdibrafion  of  the  Biilh. 

Tlie  volume  of  the  hulh  was  (letenuined  by  weighing  it  empty,  ami  afterwards 
tilled  with  water  at  the  melting-point  of  ice.  A  glass  tube  was  connected  with  the 
stem  by  a  piece  of  rubber  tube  to  prevent  loss  of  water  when  the  temperature  rose. 
The  followino-  are  the  results  : — 

O 


(a.) 

(/,.) 

AA' eight  of  Imlb  empty . 

71  -9051 

71-9568 

,,  ,,  ,,  filled  with  water  at  0”  C.  to  division  12G  on  stem 

170  •6Gr)7 

170-GG57 

AA'eight  of  catch  water . 

4  •  .j8.3G 

4 • 5860 

,,  „  water . 

94-12.30 

,,  „  ,,  corrected  for  weight  of  air  in  hull),  Ac . 

94-1975 

AMlume  of  bulb  to  division  70  at  0°  C . 

94  209G 

The  coefficient  of  expansion  of  the  glass  of  which  tlie  thermometer  bulb  was  made 
was  determined  bv  the  weigiht-thermometer  method.  The  weio-lit-thermometer  was 

v'  Co  O 

made  from  the  same  glass  tube  as  the  thermometer  hull).  The  value  for  the 
coefficient  was  found  to  be  0 ’0000 2 8 5. 

^  The  composition  of  the  glass  employed,  which  was  obtained  fiom  Messrs.  C.  E. 
Muller  k  Co.,  of  High  Holljorn,  appears  to  be  very  constant  ;  for  the  coefficients 
of  expansion  of  samples  of  it  determined  by  Kuenex  and  Randall  {loc.  cit.,  p.  109) 
in  1896,  and  bv  one  of  us  in  1901,  have  the  same  value  as  that  last  determined. 

The  change  of  volume  of  the  bulb  due  to  change  of  the  pressure  on  the  gas  Inside 
it  was  also  measured.  It  vas  determined  by  filling  the  bulb  with  water  to  a  point  on 
the  stem  and  measuring  the  change  in  the  position  of  the  meniscus  when  the  })ressure 
was  reduced  by  means  of  a  water  ])ump.  The  change  of  volume  amounted  to 
0'0017  cut),  centim.  per  atmosphere. 


8.  'Ihe  Deetd -Space. 

Both  tdiAPPUIs  and  OxNEs  em])loyed  a  glass  tube  with  a  steel  cap  attached  to  it 
by  cement,  and  enclosing  a  steel  point  for  the  adjustment  of  the  mercury  meniscus. 
In  tlie  construction  of  our  instrument  we  have  entirely  dispensed  with  steel  and 
cement  connection,  and  have  employed  an  opaque  glass  point  e  sealed  into  the  tube 
f,  which  formed  the  dead-space  at  its  point  of  junction  with  the  stem.  The  tube  for 
the  dead-space  was  cut  from  a  piece  of  glass  tube  of  9  millims.  internal  diameter, 
selected  for  its  straightness  and  regularity  of  bore  ;  the  manometer  tube  cj  was  cut 
from  the  same  piece.  In  making  the  junction  with  the  capillary  tube  great  care  was 
VOL.  CO. - A.  Q 
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taken  to  heat  only  al)out  .’1  nhlliins.  of  the  wider  tube,  so  as  not  to  distui’b  the 
regularity  of  its  surface  at  the  level  at  which  the  inercury  meniscus  was  afterwards 

observed.  The  operation  of  sealing  the  glass  point  into  the 
tube  vns  not  an  easy  one. 

After  Ijending  the  capillary  tube  as  in  the  figure,  the 
volume  of  the  dead-space  was  determined  in  the  following 
Jiianner.  The  wdde  tube  was  cut  about  30  millims.  below  its 
junction  with  the  capillary  tube  and  sealed  to  a  capillary 
stop-cock  drawn  out  to  a  point  at  its  other  end  (fig.  5).  The 
apparatus  w^as  fixed  in  a  vertical  |)Osition,  a  ta})-funnel  and 
rubl)ei'  tube  were  attached  to  the  stop-cock,  and  mercury  was 
run  into  the  tulje  till  its  surface  came  exactly  into  contact 
with  the  point ;  the  final  adiustment  was  made  by  closing  the 
tap  on  tlie  funnel  and  compressing  the  rubber  tube  with  a 
screw-clip.  The  stop-cock  on  the  dead-space  was  then  closed, 
the  rubber  tube  removed,  and  the  mercury  in  the  dead-space 
run  out  into  a  porcelain  crucible  and  weighed.  The  rubber 
tube  was  then  again  attached  to  the  ap])aratus,  which  was 
next  filled  with  mercury  to  a  mark  on  the  stem.  This 
mercury  was  w^eighed,  and  from  the  difference  of  the  two 
w^eighings  tlie  volume  of  gas  in  the  dead-space,  between  a 
mercury  meniscus  in  contact  with  the  point  and  a  mark  on  the  stem,  was  calculated. 
The  experimental  results  are  as  follows  ; — 


Fig.  5. 


Wight  of  mercury  from  stop-cock 
to  point. 

Temperature. 

Volume. 

°C. 

'L  34-1522 

20-5 

2-52134 

h.  34-1684 

20-1 

2-5223  ^2-5219 

r.  34-1640 

20-2 

2- 5220 j 

Weight  of  mercury  from  stop-cock 

to  mark  on  stem. 

a.  39  -  3633 

39-3638 

1  20-0 

r2- 

9123 

2-9123 

Volume  of  dead-space  to  mark  on  stem  .  .  .< 

2- 

5219 

A- 

3904 

In  making  an  actual  experiment,  the  mercury  in  the  dead-space  was  brought  to 
within  a  short  distance  of  the  point  ;  this  distance  was  measured  by  means  of  the 
telescope  and  micrometer  eye-piece  used  in  measuring  the  pressure  (p.  120).  As  the 
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volume  of  the  dead-space  was  thus  somewhat  greater  than  that  determined  by  the 
method  just  described,  it  was  necessary  to  apply  a  correction  amounting  to 
where  A  is  the  distance  between  the  surface  of  the  mercury  and  the  point,  and  iris 
the  radius  of  the  tulie  (see  p.  121)  ;  tti'~  =  0‘636. 

As  will  be  shown  later,  it  was  necessary  in  measuring  the  pressure  to  apply 
a  correction  for  the  heights  of  the  mercury  meniscus  in  the  dead-space  and  mano¬ 
meter  tnbe  of  the  thermometer,  which  varied  slightly  in  every  experiment.  If  the 
meniscus  in  the  dead-space  be  considered  to  have  the  form  of  a  semi-ellipsoid  of 
height  h  and  of  radius  r,  the  change  of  volume  of  the  dead-space  with  change  of  height 
of  the  meniscus  will  be  given  by  [li  —  h').  The  mean  height  of  the  meniscus 
was  found  to  be  1'25  millims.,  and  the  extreme  variation  for  any  observation  never 
exceeded  0‘2  millim.,  which  corresponds  to  a  change  of  volume  of  O'OOI  cub.  centim. 
in  the  dead-space.  As  sucli  an  error  bad  a  considerable  effect  on  the  value  of  P,,  and 
Pioo,  we  were  obliged  to  take  it  into  consideration. 

9.  The  Stem. 

In  our  earlier  experiment  we  had  found  that,  if  by  any  accident  the  mercury 
reached  the  top  of  the  dead-space,  minute  globules  of  it  adhered  to  the  glass  and 
were  in  time  carried  over  into  the  bulb.  As  the  vapour  pressure  of  mercury  is 
0-27  millim.  at  100°  C.,  this  gave  rise  to  serious  errors  in  our  measurements. 

To  obviate  tliis  difficulty  we  introduced  into  a  portion  of  the  stem  between  c  and 
d  a  closely-wound  coil  of  silver  wire  15  millims.  long  and  slightly  over  2  millijus.  in 
diameter.  The  tube  was  made  slightly  larger  at  this  })oint.  Tlie  volume  of  the  air¬ 
space  was  easily  determined  by  weighing  the  tubes  empty  and  full  of  water-. 


(a.) 

d-) 

tVeis;ht  of  stem  filled  with  water  . 

10-4.304 

10-4306 

,,  ,,  em2ity  .... 

10-3630 

10-3633 

,,  water . 

0-0668 

0-0674 

Volume  of  stem  .  .  .  . 

.  0-0671  cul 

).  ceiitim. 

10.  ^'olume!i  of  the  Bulb,  Stem,  and  Dead-S'pace. 


Wherr  the  irrstrunreirt  was  set  rrp  perrrranently  and  the  nrercirry  br-ought  close  to 
the  point  in  the  dead-space,  the  whole  of  the  iirterrral  space’ was  considered  as  divided 
into  three  regions. 

I.  The  bulb  and  stem  to  within  40  millims  of  the  horizontal  portion. 

Volume  at  ice-point  =  94-2096  cirb.  centims. 


Volume  at  boiling-point  =  ]  94-2096  (T  -f  0-000285t)  -f  0-0017 


1^  —  P 

^  1  on 


■  cul 


a  centims. 


o 
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1  IH 


1 1.,  The  stem  from  the  point  alrearly  referred  to  to  the  middle  of  the  wall  of  the  water 
space  enclosing  the  barometer  tnhe.  The  temperature  of  the  stem  was  determined 
with  sufficient  accuracy  hy  means  of  a  thei-mometer  with  the  bulb  placed  between 
c  and  (■/. 

Volume  =  0'103l  cub.  centim. 

In  some  of  our  earlier  experiments,  about  3  centims.  of  the  stem  outside  the  hypso- 
meter  was  enclosed  het^^■een  sheets  of  asbestos,  and  the  temperature  was  determined 
hy  means  of  a  mercury  thermometer.  The  mean  temperature  of  this  portion  of  the 
stem  was  usually  about  90°  Cf,  and,  as  its  volume  was  only  0  0182  cub.  centim.,  its 
temperature  could  he  taken  as  100°  (J.  without  affecting  the  value  of  Pj(^q. 

TIL  The  dead-space  and  remainder  of  the  stem.  The  dead-space  and  barometer 
were  enclosed  in  a  v'ater  jacket,  as  will  be  described  presently ;  the  temperature  was 
determined  hv  means  of  the  thermometer  r. 

xJ 

Volume  =  [0-3904  -f  0-G3GA  ffi  0-212  (0-125  -  li)\, 

where  A  is  the  distance  in  centimetres  between  the  point  and  the  surface  of  the 
mercury,  and  h  is  the  height  of  the  meniscus. 

1 1.  Ihe  Manomatei'  and  its  Connection,  icith  the  Dead-Space ,  c£'c‘. 

T'he  pressure  on  the  gas  in  the  thermometer  was  determined  directly  by  observing 
the  difference  of  the  level  of  this  mercury  meniscus  in  the  dead-space  f  and  in  a 
manometer  g.  By  emplojdng  this  method  it  was  necessary  to  take  only  two 
readings,  and  the  obseived  pi-essures  were  entirely  independent  of  the  atmospheric 
pressure. 

The  tube /‘which  formed  the  dead-space  after  removing  the  stop-cock  was  sealed 
at  its  lower  end  to  a  wider  tube  h,  which  was  connected  with  the  manometer  tube  g 
and  with  a  tube  which  served  to  catch  any  air  bubbles  which  might  enter  the 
apparatus  through  the  stop-cock  n  and  the  rubber  tube  /  leading  to  a  mercury  reservoir. 
A  tube  5  millims.  in  diameter,  sealed  into  the  side  of  the  tid:)e  h,  was  connected  to 
a  stop-cock  i  of  capillary  bore,  through  which  the  gas  coidd  he  introduced  into  tlie 
ap})aratus.  Tlie  tube  Z-  terminated  above  in  a  narrow  glass  tuT)e,  connected  by  a  piece 
of  india.-ruhl)er  pressure  tubing  with  one  liinl)  of  a  glass  stop-cock,  through  which 
traces  of  air  entering  through  the  tube  /  could  be  expelled.  By  closing  the  stop¬ 
cock  n  and  compressing  the  rubber  tube  by  the  pinch-cock  m  the  final  adjustment  of 
the  level  of  the  mercury  in  the  dead-space  could  be  effected. 

The  manometer  tube  was  carried  vertically  upwards  from  tlie  bottom  of  h  and 
bent  above  the  level  of  the  dead-space,  so  that  its  axis  coincided  witli  that  of  the 
latter.  In  oliserving  the  pressure  on  the  gas  in  the  thermometer,  it  was  only 
necessary  to  read  the  ditference  of  level  between  surfaces  of  the  mercury  in  the  dead- 
space  and  in  the  manometer  tube  which  lav  in  the  same  vertical  line,  'fhe  top  of  the 
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manojiieter  tii1)e  was  1  aOO  milliins.  abov-e  the  level  of  the  dead-space,  so  that  when 
the  pressure  on  the  gas  in  the  thermometer  was  1000  millims.  there  was  still  a 
considerable  vacuous  space  above  the  mercury.  The  manometer  tube  was  boiled  out 
and  the  apparatus  filled  with  mercury  before  the  thermometer  was  fixed  to  its  stand, 
or  tl)e  bulb  sealed  to  the  capillary  tube  leading  to  the  dead-space.  For  this  purpose 
the  apparatus  was  set  up  temporarily  in  clamps,  and  the  top  of  the  manometer  tul^e, 
which  was  drawn  out  to  a  fine  capillary  (fig.  4,  A),  was  sealed  to  a  tube  leading  to  the 
mercury  pump.  The  capillary  tube  connected  witli  the  dead-space  was  also  closed. 

After  thoroughly  exhausting  the  apparatus,  and  heating  it  to  remove  trace  of 
water  condensed  on  the  glass,  mercury  was  admitted  through  the  stop-cock  n.  As 
the  mercurv  entered  the  manometer  tube  it  was  boiled  bv  heat  inn  the  tube  Avitb  a 

».  c'  o 

Bunsen  burner.  By  this  method,  which  we  have  frecpiently  employed,  the  lisiug 
surface  of  the  mercury  I’emains  in  contact  with  mercury  vapour  only,  and  as  the 
exhaustion  is  continued  throughout  the  operation  a  very  perfect  barometric  vac\ium 
is  finally  obtained.  By  admitting  air  to  the  tube  h  through  the  stop-cock  i,  and 
lifting  the  reservoir  attaclied  to  the  tube  /,  the  mercury  in  the  manometer  tube  was 
raised  nearly  to  the  top.  By  heating,  mercury  vapour  was  made  to  pass  through  the 
constriction,  and  condense  in  the  descending  tube.  The  constriction  was  then  heated 
in  the  blow-2:)ipe,  and  the  manometei'  was  sealed.  The  mercury  was  then  allowed  to 
fall  in  the  manometer  tube. 

I'he  bulb  was  not  sealed  to  the  rest  of  the  aijjjaratus  till  this  ojDeration  had 
been  completed,  as  it  was  found  that  it  was  im2)ossible  to  jjrevent  mercury  vapour 
condensino’  in  it.  The  connection  was  now  made  bv  sealing;  the  stem  with  a  mouth 
blow-jiipe.  It  was  unnecessary  to  make  any  correction  for  the  distortion  of  the  stem, 
as  the  volume  of  1  millim.  of  its  length  amounted  only  to  0‘000444  cub.  centim. 

The  instrument  was  now  fixed  to  its  iDermanent  supj^ort,  as  in  fig.  4.  This 
consisted  of  a  stout  wooden  jdank,  3  centims.  thick  and  15  centims.  wide  at  the 
bottom,  cut  away  for  G  centims.  of  its  width  from  the  le^■el  of  the  dead-S2)ace  ip) wards 
to  allow  of  the  illumination  of  the  scale  from  behind.  Tlie  sip^jDort  was  stayed  rigidly 
at  the  to})  to  the  wall  and  to  a  ])eam  running  transversely  across  the  I'oom,  so  as  to 
})revent  all  lateral  movement. 

We  do  not  intend  to  give  an  account  of  the  exijeriinents  which  Ave  carried  out 
before  we  commenced  the  series  of  measurements  on  whicli  Ave  base  our  residts.  It 
Avill  suffice  to  state  that  about  four  months  were  spent  detecting  and  eliminating 
sources  of  error  such  as  that  due  to  lack  of  rigidity  in  the  ajpAaratus. 

12.  Introduction  of  the  Gas  into  the  Apparatus. 

The  gases  em^Dloyed  in  these  exj^eriments  Avere  hydrogen  and  helium,  and  it  will  be 
convenient  to  consider  the  method  by  Avhich  they  Avere  prejDared  and  j^urified  at  a 
later  stage.  The  gas  AA-as  introduced  into  the  thermometer  through  the  stop-cock  /. 
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which  for  this  purpose  was  connected  through  a  l)ulb  x  and  a  tube  2  to  the  apparatus 
containing  the  gas,  and  to  a  mercury  pump.  The  tube  x  was  intended  to  receive 
the  mercury  contained  in  the  portion  of  the  side  tube  above  the  stop-cock. 

By  lowering  the  reservoir  connected  by  the  rubber  tube  /  with  the  stop-cock  tXy 
tlie  level  of  the  mercury  in  li  could  be  made  to  fall  below  the  point  of  entry  of  the 
side  tidje  connected  with  i.  Then  by  carefidly  opening  the  cocks  i  and  n  alternately 
and  manipulating  the  mercury  jjump,  the  gas  in  the  apparatus  could  be  completely 
removed.  When  this  was  effected  the  mercury  in  the  tubes  h,  g,  and  k  stood  at 
the  same  level.  Before  introducing  the  gas  the  bulb  was  heated  in  an  air-bath  for 
about  an  hoiir  to  150°  C.  to  move  all  traces  of  moisture,  and  was  washed  out  several 
times  with  the  diy  gas. 

The  operation  of  tilling  the  apparatus  was  the  reverse  of  that  of  emptying  it.  The 
gas  was  admitted  slowly  by  opening  the  stop-cock  /,  and  at  the  same  time  mercuiy 
was  admitted  through  the  stoj)-cock  n.  The  quantity  of  gas  required  to  fill  the 
apparatus  to  the  desired  pressure  was  at  first  found  by  trial,  but  after  the  first 
experiment  it  was  known  that  when  the  level  of  the  mercui'y  in  the  tube  h  lay  just 
ijelow  the  tube  leading  to  i,  the  mercury  rose  to  a  certain  height  in  tlie  manometer 
tube  g.  When  sufficient  gas  had  been  admitted  the  stop-cock  i  was  closed  and 
more  mercury  was  allowed  to  enter  the  apparatus  through  //.  The  gas  in  the 
})ortion  of  tlie  side  tube  aliove  i.  was  easily  displaced  by  mercury.  (See  also  Part  III., 
p.  171,  rf  6'cy.) 


13.  21  te  Scale. 

The  measurement  of  the  pressure  in  the  thermometer  bidb  could  have  been  easily 
and  efiectively  made  liy  employing  a  well  constructed  cathetometer  with  a  standard 
scale  attached  to  it.  As,  however,  we  had  no  means  of  obtaining  such  an  instrument, 
Ave  Avere  oliliged  to  emiiloy  the  folloAving  method. 

On  the  surface  of  a  piece  of  plate-glass  short  scales  ruled  in  millimetres  by  Zeiss 
of  Jena,  AA'ere  cemented  liy  means  of  Canada  balsam.  The  scale  so  constructed  Avas 
fixed  in  front  of  the  mercury  column  and  dead-space,  so  that  Avhen  the  loAvest  scale, 
AA'hich  AAvis  50  millims.  in  length,  aauis  in  front  of  the  dead-space,  the  four  remaining 
scales  AA^ere  100  millims.  in  length.  With  this  arrangement  it  \A’as  possible  to  fill  the 
thermometer  at  three  initial  pressures,  auz.,  at  350,  at  500,  and  at  700  millims.  of 
mercury,  and  to  determine  the  pressure  coefficient  of  the  gas  at  each  pressure.  The 
method  of  observation  Avill  be  described  later. 

The  distances  betAveen  the  points  on  the  scale  at  AAdiich  obsei'Amtions  Avei'e  made 
AAmre  first  of  all  determined  by  us  by  means  of  a  micrometer  apparatus,  designed  by 
Mr.  Hilger  for  measuring  spectro-photographs,  Avith  a  screAv  of  1 -millimetre  pitch 
and  a  drum  divided  into  100  parts.  By  means  of  this  instrument  it  AAas  possible  to 
determine  lengths  of  150  millims.  to  0-002  milhm.  At  the  end  of  our  research  the 
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scale  was  sent  to  the  National  Physical  Lahoratoi'y,  and  was  there  compared  with 
a  standard  brass  metre  scale  (Societe  Genevoise,  No.  59) ;  the  comparison  was 
guaranteed  to  O'Ol  millim.  For  this  we  wish  to  express  our  thanks  to  the  Director, 
Mr.  E.  T.  Glazebrook. 

The  results  of  the  two  sets  of  comparison  are  veiy  concordant,  except  so  far  as 
the  distance  between  scale  1.  and  scale  III.  is  concerned.  With  regard  to  the 
discrepancy  of  O'Ol 5  millim.  which  exists  here,  we  wish  to  state  that  the  values  of 
the  pressure-coefficients  first  obtained  for  hydrogen  at  initial  pressures  of  350  and 
500  millims.,  indicated  that  there  was  probalfiy  a  small  error  in  the  scale  at  this 
point.  This  has  been  corrected. 

In  the  following  table  column  A  gives  the  distances  between  the  line  9  on  the 
lowest  scale  (I.)  and  the  middle  points  on  the  four  remainiiig  scales,  as  determined 
by  us  ;  column  0  gives  the  value  stated  in  the  certificate  furnished  by  the  National 
Physical  Laboratory,  while  the  numbers  in  column  B  are  calculated  from  those  in 
column  G  by  multiplying  the  latter  1)y  the  factor  962'395/962'28. 


A. 

R. 

C. 

Line  9,  scale  L, 

to  line  -50,  scale  II.  .  .  . 

.369-895 

369-895 

369-85 

„  III.  .  . 

521-505 

521-52 

521-46 

„  IV.  .  . 

684-644 

684  -  64 

684-56 

)) 

„  V.  .  .  . 

962 -.395 

962-395 

962-28 

It  need  not  be  pointed  out  here,  that  in  the  measurements  of  the  pressure- 
coefficient  it  is  only  necessary  to  know  the  absolute  length  of  the  scale  approximately. 
We  have  accordingly  taken  the  figures  in  the  second  column  (B)  as  representing  the 
distances  between  the  standard  points  on  our  scale. 


14.  21'te  Temperature  of  the  Mercury  Column. 

Since  in  these  experiments  we  were  attempting  to  measure  the  pressure  with  a 
degree  of  accuracy  approaching  O'Ol  millim.,  it  was  necessary  to  take  special 
precaution  with  regard  to  the  temperature  of  the  mercury  column.  In  our  first 
experiments  we  attempted  to  measure  the  temperature  of  the  column  by  means  of 
four  thermometers,  the  bulbs  of  which  were  enclosed  in^  glass  tubes,  of  the  same 
diameter  as  the  barometer  column,  filled  with  mercury.  We  found,  however,  that  the 
temperature  could  not  be  read  with  certainty  to  0'2  C.,  nor  even  with  that  degree  of 
accuracy  when  the  steam  point  was  being  determined.  As  an  error  of  O'Ol  in  the 
temperature  of  the  column  involves  a  corresponding  error  of  O'Ol 6  millim.  in  P^qq 
(950  millims.),  we  enclosed  the  dead-space  and  mercury  columns  in  a  water  jacket. 
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'I'he  iiiaiiiier  in  which  this  was  ejected  is  sliown  in  tig.  4.  Tlie  dead-space  and 
inanoineter  culuinn  were  enclosed  Ijetween  t\^■o  pieces  of  ])late-glass,  ]'>  and  a,  the 
j)ieces  of  [)late-glass  p  in  front  ffn  ining  the  scale  ;  strips  of  wood,  /•  and  r ,  formed 
the  side  and  bottom  of  the  water  jacket,  the  whole  being  made  water-tight  bv  means 
of  a  mixture  of  red-lead  and  o'old  size.  The  arrano’ement  was  carried  on  brass 
brackets  ss  screwed  to  the  face  of  the  main  snp])ort.  The  two  plates  of  glass  M’ere 
clamped  to  the  wooden  strips  rr'  Ijy  brass  bands  ?dand  wooden  wedges  mu';  the  brass 
bands  were  screwed  at  one  etid  to  the  main  siipp)ort.  Water  entered  the  jacket  at  the 
bottom,  and  esca]nng  at  the  top  by  a  rubber  tube,  flowed  over  the  tubes  li  and  k,  and 
the  ])ortion  of  (j  below  tlie  water  jacket.  This  })art  of  the  ap})aratiis  was  swathed 
in  cotton  cloth,  and  was  maintained  at  a  constant,  though  indefinite  temperature, 
by  means  of  the  cuiTent  of  water.  Tlie  temperature  of  the  water  in  the  jacket 
remained  constant  within  0‘^'02  for  a  sutficient  time  for  the  measurement  of  the 
pressure,  and  rarely  varied  by  0°'l  during  the  period  of  one  hour,  necessary  for  four 
consecutive  observations.  The  error  due  to  tem])erature  on  Tjqq  (950  millims. )  is 
thus  i-educed  to  0‘002  millim.  vhich  is  considerably  less  than  the  error  of  observa¬ 
tion.  It  may  also  l)e  noted  here  that,  as  the  temperature  of  the  dead-space  was 
made  wu’th  the  same  degree  of  accuracy,  and  an  error  of  OT  in  determining  it  makes 
a  difference  of  0  002  millim,  on  P,,,,,,  this  source  of  error  also  disappears. 

The  height  of  the  column  of  wliich  the  tem])erature  varied  l)etween  8°  and  17'^  (h 
was  reduced  in  everv  case  to  the  heiold  at  fO''  ( 

It  is  obvious  that  as  the  manometer  tube  and  the  glass  scale  in  front  of  it  are  not 
])arallel,  and  tlie  space  between  them  is  filled  with  water,  a  refraction  error  may  be 
introduced  which  will  have  a  constant  influence  on  the  value  of  Pq  and  Pjoo- 
de^’iation  of  the  manometer  tube  amounts  to  2  millims.  in  its  total  length,  the  error 
in  reading  the  height  of  the  column  would  he  roughly  O'Ol  millim.  By  oh.serving 
the  height  of  the  column  wfiien  the  jacket  contained  waiter,  and  then  allowung  the 
water  to  escajie  rajiidly,  w'e  could,  how'ever,  detect  no  change  in  the  position  of  the 
meniscus,  Furtlier,  since  the  manometer  tube  was  sufficiently  straight  for  the  error 
t(^  atfect  P|,  and  P,,,,)  eipially.  the  error  due  to  i-efraction  can  he  neglected. 


15.  Th<‘  McasurcriK-ul  af  tin'  l^ressiire  on  the  tjos  in  the  Thennometer 


The  observations  \\ere  made  by  means  of  a  telesco])e  placed  at  a  distance  of  one 
metre  from  the  scale.  The  telescope  wms  fitted  with  a  llilger  ocular  micrometer, 
w  1th  a  screwp  divided  into  100  parts,  each  corresponding  to  a  movement  of  the  cross¬ 
wire  of  ()'005  minim.,  or  to  0'007  millim.  on  the  scale.  Each  meniscus  was 
illuminated  from  hehind  hy  means  of  an  electric  glow  -lamp  covered  with  white  tissue 
jiajier;  cards  ])laced  behind  the  glass  jilate  O,  cut  off  the  light  at  a  height  of  1  or 
2  millims.  above  the  level  of  the  mercui’v  {of.  1>.  109). 
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AVlien  the  teoiperature  of  the  bulb  and  column  were  steady,  the  mercury  in  the 
dead-space  was  adjusted  first  of  all  by  means  of  the  mercury  reservoir  and  sto^j-cock 
n,  and  finally  by  means  of  the  pinch-cock  m.  The  mercury  was  always  brought  to 
within  about  OT  millim.  of  the  j^oint.  After  tapping  the  support  with  the  hand, 
and  waitinor  a  short  time  for  the  mercury  to  settle  down,  the  observations  were  made. 

The  spider-line  of  the  micrometer  was  first  brought  into  coincidence  with  the  line 
on  the  scales  next  above  the  meniscus,  and  then  with  the  top  of  tlie  meniscus  itself, 
readings  being  taken  in  both  positions.  A  light  was  then  held  in  front  of  the 
instrument,  and  the  height  of  the  meniscus  was  determined  by  bringing  the  spider 
line  into  coincidence  with  the  point  at  which  the  vertical  bright  line,  caused  by  the 
reflection  of  the  ligdit  from  the  curved  surface  of  the  mercury  column,  came  to  an 
end.  The  height  of  the  mercury  meniscus  was  applied  to  the  calculation  of  the 
correction  to  he  applied  for  capillarity  (Kohleausch).  The  determination  of  the 
position  of  the  point  e  with  regard  to  the  scale  was  also  necessary  for  the  calculation 
of  the  distance  of  the  mercury  from  it,  and  from  this  the  volume  of  the  dead-space. 
Its  value,  and  the  value  of  one  division  of  the  micrometer  screAv  in  terms  of  a 
division  of  the  scale,  were  measured  separately. 

Observations  of  the  pressure  were  invariably  made  by  each  one  of  us  alternately, 
the  other  reading  the  thermometer  enclosed  in  the  water  jacket,  and  the  thermometer 
placed  close  to  the  hoi'izontal  portion  of  the  stem.  The  position  of  the  lower 
meniscus  Avas  obserA-ed,  then  that  of  the  ujjper  meniscus,  and  finally  the  l(3Aver 
meniscus  again.  The  level  of  the  mercury  in  the  a})})aratus  aaes  usually  readjusted 
hetAveen  each  pair  of  measurements. 

IG.  The  Ice- Point. 

The  bulb  ANais  immersed  to  Avithin  40  millims.  of  the  horizontal  })oition  of  the  stem 
in  an  inverted  glass  bell-jar,  and  surrounded  Avith  broken  ice  packed  tightly  round  it. 
The  bell-jar  A\-as  filled  nearly  to  the  top  of  the  A’essel  A\dth  distilled  AA  ater.  fSamples 
of  the  ice  Avere  on  two  occasions  melted  and  the  liquid  evaporated  ;  in  neither  case 
Avas  it  found  to  contain  more  than  a  minute  trace  of  solid  matter.  A  piece  of  Avood, 
AA’ith  a  slit  cut  in  it  for  the  stem  of  the  thermometer,  aa’us  placed  on  top  of  the  bell- 
jar  containing  the  ice. 


17.  2'lie  Boiling-Poiut. 

The  bulb  of  the  thermometer  Avas  surrounded  Avith  dry  steam  by  means  of  a  large 
double-AA'alled  copper  hyjrsometer  of  the  usual  form.  The  stem  of  the  thei'inometer 
passed  through  a  hole  in  the  cover  of  the  hypsometer,  and  the  aperture  A\as  made 
fairly  steam-tight  by  means  of  a  small  strip  of  Avet  rag  Avound  round  the  stem.  No 
correction  of  the  diflerence  of  })ressure  inside  and  outside  the  hypst»meter  aavis 
necessary. 
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'i’u  shield  the  apparatus  against  radiation  from  the  heated  vessel  a  piece  of  vood, 
kept  v  et  Ijy  a  stream  of  water,  was  used  as  a  screen.  A  similar  piece  of  wood,  with 
a  slit  cut  in  it  for  the  stem,  was  held  in  a  clamp  horizontally  about  1  centini.  above 
tlie  to})  of  the  hy|)someter  to  screen  the  horizontal  })ortion  of  the  stem.  The 
tem}jerature  of  the  short  length  of  stem  between  the  hy}jso)neter  and  the  screen 
was  usuallv  about  t)G°,  a  ditference  from  100"^  too  small  to  be  considered.  During 
each  ex})eriment  the  barometer  was  always  read  three  times  ;  at  the  beginning,  at 
the  end,  and  between  the  two  })airs  of  observations. 


18.  Calculation  of  the  Residts. 

In  calculating  the  value  of  the  pressure  coetiicient  from  the  results  of  our 
e.\})eriments,  we  em})loyed  the  usual  methods.  The  })ressure  and  Avhich  the 
gas  AV(.)uld  exert  at  the  tem})erature  of  melting  ice,  and  at  that  of  saturated  water 
A  a])our  at  the  normal  })ressure,  if  confined  in  a  S})ace  corres}Jonding  to  the  volume 
of  the  thermometer  at  0°  C.,  were  first  calculated.  The  })ressure  coefficient  was  then 
obtained  from  the  equation 

a  =  (P^oo  —  l^o)/  i^ioo  • 


In  calculating  P^  and  P^^^  it  is  of  course  necessary  to  assume  some  value  for  the 
})i'essure  coefficient  in  order  to  ai)})ly  the  necessary  correction  for  the  gas  contained 
in  the  stem  and  dead-s|jace ;  and  in  reducing  the  tenqjerature  of  the  bulb  to  100°  C. 
in  calculating  These  corrections  are,  however,  small ;  and  no  a}:»})reciable  error 

is  introduced  by  taking  the  coefficient  as  1/273. 

The  follov'ing  equations  were  enqdoyed  in  calculating  P^j  and  P^qjj  : — 


l‘„  = 


,,  ,  V,  X  273  ,  V,/.  X  273 

I  2(0  +  1,  2(.3  +  i, 


1 

V 


P  —  P' 

lou  —  -L 


.)  (  o 


273  + 


IX  I  X  373  y,/,  X  373 

r\y  0“*'‘  I  ,  riy 


AVI  I  ere  T  is  the  observed  })ressure  at  the  ice-})oint. 

P'  is  the  observed  })ressure  at  the  steam-})oint. 

T  is  the  tenq)erature  of  steam  corres})onding  to  the  barometric  })ressure. 
Tbaiul  TV  are  tlie  tem})eratures  of  the  stem. 

TVs  and  T,V  are  the  tem})eratures  of  the  dead-s})ace. 

AV  is  the  volume  of  the  bulb  at  the  ice-point. 

A  is  the  volume  of  the  bulb  at  the  steam-})oint. 

AV  iw  the  volume  of  the  stem. 

A,/,,  is  the  \'olume  of  the  dead-s}3ace. 

A"  =  (Vi  +  AV  +  V,/,.),  is  the  total  volume  of  the  thermometer  at  0°  G. 

'I'lie  method  by  which  the  tem})erature,  })ressure,  and  ^■olume  were  calculated  and 
corrected  has  already  been  dealt  \vith. 
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19.  Details  of  the  Results  of  One  Experiment. 

As  we  have  already  stated,  each  determination  of  the  ice-point  or  boiling-point 
consisted  of  four  separate  observations  of  the  height  and  temperature  of  the 
barometer  column,  of  the  temperature  of  the  stem,  &c.  The  readings  were  taken 
l:»y  eacli  of  us  alternately.  In  determining  tire  l)oiling-point  the  l)arometer  was  also 
read  three  times,  at  the  beginning,  at  the  end,  and  in  the  middle  of  each  set  of 
experiments,  and  the  temperature  of  the  bulb  was  calculated  from  the  mean  corrected 
pressure.  It  would  be  useless  to  set  down  tlie  whole  of  the  measurements  involved 
in  every  experiment,  but  in  order  to  give  an  idea  of  the  accuracy  of  the  observations, 
we  give  the  full  details  of  one  complete  set  of  measurements. 
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20.  The  P^'essure  Coefficient  of  Hydrogen. 

Series  1.  and  II.  at  initial  pressures  of  about  700  milliins. 
Series  III.  ,,  „  ,,  500  ,, 

Series  IV.  ,,  ,,  „  350  ,, 

Series  V.  „  „  „  700 
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(V.)  Before  determinin'’'  the  pressure  coefficient  for  liellinn,  as  a  considerable  time  had  elapsed  since  the  measurements 
C’f  the  coefficients  for  hydrogen  had  l)een  made,  the  thermometer  was  refilled  ^^'Ith  hydrogen,  and  an  Ice-j^oint  and  a  l)oiling- 
point  ^^■ere  determined. 
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22,  Accuracy  of  the  Results. 

]]i  (lesciibiiio-  the  constructioii  of  the  apparatus  and  the  manner  In  which  the 
experiments  were  carried  out,  we  have  already  pointed  to  the  errors  which  may 
occur  and  their  effect  on  the  accuracy  of  the  final  result.  It  will  have  been  noticed 
that  wdth  the  exception  of  the  errors  in  the  barometer  reading,  and  in  the  tempera¬ 
ture  of  the  steam  in  the  hypsometer,  the  errors  of  observation  afiect  Pq  and  Pjijq 
almost  equally,  and  hence  have  little  eftect  on  the  value  of  the  coefficient.  Further, 
since  an  error  of  OH  millim.  in  the  barometer  reading  only  changes  the  value  of 
Pioo  (950  millims.)  by  O'OOo  millim.,  the  effect  of  such  an  error  on  the  value  of  the 
coefficient  is  less  than  five  units  in  the  sixth  significant  figure. 

With  regard  to  the  measurement  of  the  pressure,  as  we  liave  already  stated,  the 
errors  in  the  scale  were  certainly  less  than  O'Ol  millim.  An  error  in  the  difterence 
PiQQ-Po  ffii'‘^  magnitude  wmuld  involve  an  error  of  one  unit  in  the  fifth  significant 
figure.  The  actual  extreme  difference  between  the  value  of  in  the  set  of  three 
observations  which  constitute  each  series  usually  amounts  to  0’02  to  0'03  millim., 
but  these  differences  appear  to  be  unbiassed  and  do  not  influence  the  final  result  in 
one  direction  or  in  the  other.  The  value  of  the  temjDerature  correction  practically 
disappears,  for,  as  we  have  pointed  out,  the  temperature  of  the  column  could  be 
determined  to  (P02°  C.,  and  in  successive  determinations  of  P^  and  P^qo  tempera¬ 
tures  were  practically  identical.  The  capillarity  correction  involving  the  height  of 
the  meniscus  we  considered  at  first  to  have  a  doubtful  clmracter,  but  as  the  height 
of  the  meniscus  varied  by  0'04  millim.  in  different  observations,  and  the  application 
of  the  correction  brought  the  observed  pressures  to  tlie  same  value,  we  liave  come 
to  the  conclusion  that  it  is  sound. 

The  errors  in  the  measurement  of  the  volume  and  temperature  of  the  dead-space 
are  small.  Tlieir  effect  on  the  value  of  the  coefficient  has  already  been  sufficiently 
discussed. 


23.  Tli,e  Final  Values  for  the  Pressure  Coefficients  of  Hydrocjen  and  Helium. 

As  tlie  tables  in  Sections  20  and  21  sliow^,  w'e  have  two  series  of  determinations  of 
the  pressure  coefficient  both  in  the  case  of  hydrogen  and  of  helium  at  initial 
pressure  of  about  700  millims.  of  mercury.  The  results  are  as  follows  : — 


Uas. 

Observed  values  of  the  coefficient,  a. 

Mean  value. 

Hydrogen . 

Helium . 

0-00.366261,  0-003662.52 

0-00366241,  0-00366270 

0-00366255 

0-003662.55 
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of  the  observed  values  is  based,  as  the  tables  show,  on  eight  measurements 
of  the  pressure  on  the  gas,  the  temperature  of  the  dead-space,  &c.,  when  the  bulb 
rtf  the  thei-mometer  was  immersed  in  ice,  and  twelve  similar  measurements  where 
the  bulb  was  surrounded  with  steam.  The  agreement  between  the  observatirais  is 
satisfoctory. 

As  has  already  been  pointed  out  at  the  commencement  of  this  paper,  the  best 
determinations  of  the  pressure  coefficient  for  hydrogen  are  those  of  CHAPrris  and 
( )XNES.  Chappujs’  work  is  to  be  found  in  the  ‘  Travaux  et  Memoires  du  Bureau 
International  des  Folds  et  Mesures,’  vol.  6  (1888),  and  in  the  subsequent  volumes; 
an  account  of  his  work  is  also  to  be  found  in  the  ‘Bapportsdu  Congres  International  de 
Physique  ’  (Paris,  1901).  The  results  obtained  in  1887  with  his  large  thermometer, 
which  has  a  platinum-iridium  ladb  of  nearly  1  litre  capacity  filled  at  an  initial 
pressure  of  1000  millims.  of  mercury,  are  as  follows  : — ■ 


Value  of  the  coefficient. 

j\lean  values. 

0-0036G271 

1 

0-00;36621S 

0-00366225 

1 

0-00366231 

0-00366254 

0-00366256 

, 

0-00366270 

1 

1 

0-00366269 

J 

The  mean  value  of  four  determinations  carried  out  in  1809  autli  the  same 
thermometer  was  0'003(5G296,  and  of  five  determinations  made  in  1895  with  a  bulb 
of  “  verre  dur  ”  was  0'OOOGG217.  The  mean  value  of  the  seven  determinations 
made  in  1887  is,  liowever,  retained  as  the  probable  value  of  the  coefficient,  which 
foiins  the  basis  tor  the  definition  of  tlie  so-called  normal  scale  of  temperature. 

The  tliree  determinations  of  the  coefficient  by  OxxES  (‘  T'ornmnnicatiojis  from  the 
Phvsical  Laboratorv  of  the  University  of  Leiden,’  No.  09)  are  as  follows  : — 


0'003GG-28, 


0  •0030021, 


0-0030028. 


As  in  the  case  of  Ciiappuls’  ex})eriments,  the  initial  pressure  in  the  thermometer  was 
about  1000  millims.  of  mercurv. 

Though  the  highest  initial  pressure  at  which  our  measurements  were  made  was 
700  millims.  of  mercuiy,  there  is,  as  we  shall  ])resently  show,  no  reason  for  assuming 
that  the  coefficient  varies  with  the  pressure,  and  the  agreement  between  Chappuis’ 
results  and  our  own  may  be  considered  as  confirmatorv  of  the  latter.  The  combined 
results  may  prol)ably  be  considered  correct  to  the  fiftli  significant  figure. 
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24.  The  Pressure  Coefficients  of  Hydrorjen  and  Helium  at  Lower  Initicd' 

Pressures. 

Though  the  accuracy  of  the  determlnatiou.s  of  the  pressure  coefficients  at  Inwer 
pressures  is  reduced  in  proportion  to  the  initial  pressure,  the  results  we  have  obtained 
indicate  that  the  })ressure  coefficient  for  the  two  gases  is  practically  independent  of 
the  pressure.  The  value  of  the  coefficient  found  for  liydrogen  at  an  initial  pressTire 
of  500  millims.  is  0'0036()27,  and  for  helium  0'003GG25  and  0‘003GG31  ;  if  the 
coefficient  attained  a  limiting  value  corresponding  to  0'003GGO  at  zero  pressure,  the 
value  at  500  millims.  should  he  0’003GG12. 

The  determination  of  the  pressure  coefficient  for  hydrogen  at  an  initial  })ressure  of 
350  millims.  is  practically  valueless;  only  one  set  of  measurements  was  made,  and 
we  found  that  our  metliod  was  not  sufficiently  accurate  to  investigate  the  coefficient 
at  such  a  low  pressure. 


25.  <P-nerai  Conrlnsions. 

(h-iArPUrs  has  determined  the  pressure  coefficients  of  nitrogen  at  dlffierent  pressures 
with  the  followino-  results  - 


Initial  pre.s.sure. 

C'oefticienl. 

inillinis. 

1000 

0-00.367445  i 

79:1 -5 

0-0036718 

5.30-8 

0-0036683  1 

On  plotting  tlie  values  of  the  coefficient  against  tlie  initial  pre.ssure,  tlie  value  of' 
the  coefficient  at  zero  initial  pressure  is  found  on  linear  extra])olation  to  lie  between 
0-003GG2  and  0-003GG3. 

As  Daniel  Bektiielot  (‘ Conpjtes  Kendus,’  1898)  has  pointed  out,  the  specific 
volumes  of  the  common  gases  at  zero  pressure,  calculated  from  their  densities  under 
normal  conditions,  and  the  variation  of  “  p.v.”  with  ])ressure,  are  the  same.  Theli- 
densities  uiider  the  same  conditions  are  proportional  to  their  chemical  atomic  weights. 
If  this  is  the  case,  they  should,  at  zero  pressure,  Ijehave  as  perfect  gases,  and  tlie 
temperature  scale  on  a  thermometer  filled  witli  any  gas  at  verv  low  ])ressure  sliould 
he  coincident  with  the  absolute  scale  of  temperature. 
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Jf'  (iTir  conclusion  is  coirect,  that  the  pressure-coefficient  for  hydrogen  and  for 
helium  has  the  value  0’00366255,  and  is  independent  of  the  pressure  below 
lOOO  millims.  of  mercury,  it  is  probable  that  the  melting-point  of  ice  on  the  absolute 
scale  does  not  lie  very  far  from  273°'03.  Before  we  can  apply  Bose-Inxes’  equations 
(/oc.  cit.,  p.  I  0())  to  the  in\'estigation  of  the  problem,  it  will  be  necessary,  however,  to 
obtain  a  more  complete  knowledge  of  tlie  thermo-dynamic  properties  of  these 
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PART  II. 

On  the  Vapour  Pressures  of  Liquid  Oxygen  at  Temperatures  below  its  Boiling-Point 
on  the  Constant-  Volume  Hydrogen  and  Helium  Scales. 

By  Morris  W.  Travers,  D.Sc.,  Felloiv  of  University  College,  London, 
George  Senter,  B.Sc.,  aud  Adrien  Jaquerod,  D.Sc. 
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1.  hit roditctioii. 

After  detei'miiiiug  the  pressure  coefficients  of  hydrogen  and  helluni  hetween  the 
nielting-])oint  of  ice  and  the  boiling-point  of  water,  and  so  obtaining  tlie  fundamental 
intervals  of  our  thermometer  scales,  we  proceeded  to  apply  our  residts  to  the 
determination  of  the  boiling-point  and  vapour  pressures  of  liquid  oxygen.  In  these 
experiments  we  have  employed  three  different  thermometers ;  the  coefficient  of 
expansion  of  the  glass  at  low  temperatures  has  been  specially  determined ;  every 
precaution  has  been  taken  in  preparing  the  different  samples  of  hydrogen  and  helium 
employed ;  and  the  errors  clue  to  impurity  in  the  oxygen  and  to  the  superheating  of 
the  licjuid  have,  Ave  believe,  been  eliminated.  The  following  account  contains  full 
details  of  our  experimental  method  and  i-esidts. 
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Previous  XfrasureuKoits  of  the  Vapour  Pressures  of  LirpAid  Oxyejen. 

The  earliest  iiieas\ii-einent  to  ^^llich  any  importance  can  he  attached  is  that 
of  Wnon-LEWSKi  in  1  888  (‘'Wiener  Berichte,’  ‘J7,  Abth.  2a.  p.  1321).  The  teni- 
]»ei'atnre  of  the  hoiling-poiiit  of  exygen  was  measured  on  the  constant -volume 
hvdrttgen  scale,  hut  no  details  are  given  in  the  paper,  which  is  entitled  “  Die 
Zusanimeudrnckharkeit  des  Wasserstoffs,”  and  was  published  after  his  death.  The 
number  oiven  bv  him  is  182 '4°  ( '. 

Olszewski  ajipears  to  have  measured  the  boiling-point  of  oxygen  on  several 
occasions.  In  1800  he  published  in  ‘Nature’  (vol.  54,  377)  an  account  of  his  com¬ 

parison  of  the  hydrogen  and  helium  thermometers  at  temperatures  corresponding  to 
\apour  pressures  below  741  millims.  mercury.  By  extrapolation  the  temperature  of 
the  boiling-point  on  either  thermometer  appears  to  he  —  182’3G°  Cf  In  his  paper  on 
the  licpiefaction  of  gases  (‘  Phil.  Mag.,’  1805,  vol.  30,  p.  188)  he  gives  —  ]8L'4°  as  the 
l)oiling-point.  The  capacity  of  the  hull)  of  his  thermometer  was  only  2  cub.  centims. 

Kstp.ek'IIEU  (‘  Phil.  Mag.,’  (5),  vol.  40,  p.  454)  also  made  a  large  number  of  measure¬ 
ments.  He  made  tu'enty-tive  measurements  of  the  temperature  corresponding  to 
744'8  iihllims.,  and  gives  — 182'50°CA  as  tlie  mean  of  the  results.  The  boiling-point 
calculated  by  extrapolation  is  —  182'4°  Cf  (aT  being  0'0122*^  per  millimetre). 
Estreilheu  worked  in  (  Ilszewski's  laboratory,  and  employed  the  same  instrument 
as  the  latter. 

AVitkowskj  (‘  Phil.  Mag.,’  1806,  vol.  42)  gives  the  boiling-point  of  oxygen  as 

—  182’44G^O.,  employing  the  value  0’003GG  for  the  coefficient  of  expansion  of 
hvdroo-en. 

a  O 

Holborx  and  W^iex  (‘  Wied.  Ann.,’  180G,  vol.  50,  p,  213)  compared  the  hydrogen 
and  air  thermometers  at  the  tem})erature  of  liquid  air,  and  found  that  the  readings 
of  the  air  thermometer  were  0'G5'  lower  than  those  of  the  hydrogen  thermometer. 
Later,  HoLBOiix  (‘  Ann.  der  Pliysik,’  (4),  1001,  vol.  G,  p.  242)  staiidardised  a  })latinum 
resistance  tliermometer  by  means  of  an  air  thermometer,  and  by  means  of  it  measured 
the  boiling-point  of  ])Ui‘e  oxygen.  The  tem])erature  referred  to  the  constant-volume 
hvdroiren  scale  is  —  182'7’(f  Pull  details  of  the  Avork,  AA’hich  Avas  carried  out  in  the 
I’hysikalische  Beichsanstalt  at  Dharlottenburg,  are  given  in  the  paper. 

Ladexburg  and  Krugel  ('Ber.,'  1000,  axaI.  32,  p.  1818,  Ami.  33,  p.  G37)  found  —  182‘2^ 
fi»r  the  tenq)erature  coiTesj)onding  to  a  pressure  of  745  millims.  (boiling-point 

—  182'05°(J.).  Tlie  measurement  aa'rs  made  by  means  of  a  thermo-electric  junction, 
standardised  at  the  temperature  of  liquid  air,  AAdiich  aaxis  siqiposed  to  be  —  101’25d 

Deavar  (‘ Proc.  Poy.  Soc.,’  1001,  Ami.  G8,  p.  44),  employing  constant  Amlume 
thermometers  filled  Avilh  hvdroo’en  and  oxA'iren,  obtained  the  folloAvinq'  Amines.  The 
munbers  in  third  value  of  the  following  table  are  calculated  from  the  mean  value 
( )f  djfalf. 
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Hydrogen  Thermometer. 


Pressure. 

Temperature. 

Boiling-point ;  calculated. 

°  C. 

760-6 

-  182-20 

-  182-21 

764-4 

-182-67 

-182-72 

759-5 

-181-62 

-  181-52 

The  coefficient  of  expansion  for  hydrogen  is  taken  as  0’0036625.  Taking  the  same 
coefficient  for  oxygen,  a  proceeding  which  does  not  appear  to  be  justified,  he  oljtained 
the  following  results  : — 


Oxygen  Thermometer. 


Pressure. 

Temperature. 

Boiling-point ;  calculated. 

°C. 

°  C. 

772-5 

-  182-29 

-182-43 

756-0 

-183-46 

-  183-42 

753-5 

-  182-95 

-182-90 

Baly  (‘Phil.  Mag.,’  1900,  vol.  49,  p.  517)  measured  the  vaj:)Our  pressures  of 
oxygen  on  the  constant-j^ressure  hydrogen  scale,  employing  a  Callendar  thermoiiieter. 
The  results  appear  to  be  afiected  by  a  constant  error ;  they  will  be  discussed 
elsewhere. 

So  far  as  the  evidence  contained  in  the  original  })apers  is  concerned,  it  appears  to 
us  that  greatest  weight  is  to  be  attached  to  the  work  of  Holborn  and  Wien.  It  is 
true  that  the  results  of  Wroblewski,  Olszewski,  and  Estreicher  show  a  close 
agreement,  ljut  none  of  these  experimentalists  furnish  sufficient  data  to  make 
criticism  possible. 

In  all  the  experiments  we  have  referred  to,  the  boiling-point  or  vapour  pressure 
of  oxygen  has  been  measured  by  immersing  the  thermometer  in  the  li(piid  and 
ineasuring  tbe  pressure  at  which  it  was  boiling.  Estreicher  and  Olszewski 
measured  tlie  vajjour  pressures  at  lower  temperatures  by  connecting  the  vacuum 
vessel  containing  the  licjuid  with  an  exhaust  pumj),  and  making  tlie  licpiid  boil  under 
reduced  pressure. 

The  difficulty  of  making  accurate  measurements  by  this  method  is  twofold.  In 
the  first  place,  it  is  not  easy  to  liquify  a  sufficient  quantity  of  pure  oxygen ;  and  in 
the  second  place,  the  liquid  oxygen  tends  to  become  superheated,  and  does  not  boil 
steadily.  The  impurity  in  the  oxygen  would  most  probably  be  air,  -which  would 
lower  the  boiling-point  ;  other  impurities  would,  however,  have  the  opposite  effect. 

In  every  case  it  appears  to  have  been  assumed  that  the  coefficient  of  expansion  for 
glass  remains  constant  over  the  whole  range  of  temperature, 
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3.  The  Pressure  Coefficients  of  Hydrogen  and  Helium  between  0°  and  100°  C. 

As  has  already  been  pointed  out,  there  is  no  appreciable  difference  bet-vveen  the 
pressure  coefficient  of  the  two  gases,  which  may  be  considered  as  approximating 
very  closely  to  0’003G6255.  Tlie  reciprocal  of  this  number  is  273'03,  and  though  an 
error  of  0'01°  uidy  is  incurred  by  taking  273  as  the  temperature  of  melting  ice  on 
the  scale  of  either  thermometer,  we  have  in  calculating  our  results  employed  the 
true  coefficient. 

4.  Hie  Coefficient  o  f  Expansion  of  Glass  between  16°  and  —  190°  C. 

The  coefficient  of  expansion  of  the  glass  was  determined  in  the  following  manner. 
Tlie  inner  tube  of  a  cylindrical  vacuum  vessel,  which  was  30  millims.  wide  and 
1 000  millims.  long,  was  graduated  for  short  distances  close  to  its  two  ends.  The 
vacuum  vessel  was  enclosed  in  a  water-jacket,  and  was  set  up  vertically  in  front  of 
two  telescopes,  of  short  focus,  fitted  with  micrometer  eye-pieces.  The  cross  wires  of 
the  micrometer  eye-pieces  Avei'e  fii-st  brought  into  coincidence  with  marks  at  the  two 
ends  of  the  vacuum  vessel.  The  vessel  was  then  filled  with  liquid  air  and  the 
distances  through  which  the  marks  on  the  vacuum  vessel  moved  were  observed. 
I’he  folloAving  result  for  the  volume  coefficient  is  calculated  from  the  linear  con¬ 
traction  of  the  glass  : — 

f  Joefficient  of  expansion  0°  to  100°  C.  (by  weight  thermometer)  .  0’0000285. 

,,  ,,  0°  to  —  ]90°G.  (from  linear  contraction)  .  0'0000218. 

5.  Method  of  Experiment. 

In  our  experiments  we  liave  overcome  the  difficulty  last  referred  to  bv  immersing 
our  thermometer,  together  Avith  a  1)ulb  in  Avhich  jjure  oxygen  coidd  be  liquefied,  and 
A\hich  was  connected  with  a  manometer,  in  liquid  air  or  oxygen  contained  in  a 
vacuum  vessel.  The  liquid  in  the  vacuum  vessel  could,  if  necessary,  lie  made  to  boil 
steadily,  by  passing  through  it  a  current  of  air  or  hydrogen,  and  could  be  maintained 
at  a  constant  temperature  by  enclosing  the  vacuum  vessel  in  another  vacuum  vessel 
of  larger  dimensions  also  containing  liquid  air.  Readings  of  the  thermometer  and  of 
the  manometer  connected  with  the  bulb  containing  the  pure  liquid  oxygen  were 
taken  simultaneously  by  two  observers. 

6.  The  Large  Constant -Volume  Hiermometer. 

The  thermometer  employed  in  determining  the  pressure  coefficients  of  h^^drogen 
and  helium  between  0°  and  100°  C.  has  been  fully  described  in  the  previous  memoir 
(.Part  1.).  Tl  le  same  instrument,  and  three  others  of  smaller  dimensions,  were 
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employed  in  these  researches,  the  larger  thermometer  being  only  used  to  determine 
four  points  on  the  vapour- pressure  curve  for  licpiid  oxygen  on  the  hydrogen  scale  as  a 
check  on  the  measurements  made  by  means  of  the  smaller  instruments.  It  will  Ije 
remembered  that  in  the  large  instrument  the  mercury  column  and  dead-space  were 
enclosed  in  a  water-jacket,  and  the  pressure  was 
measured  Ijy  means  of  a  scale  of  sj^ecial  construction, 
which  formed  the  first  surface  of  the  water-jacket. 

In  these  measurements  the  bulb  of  the  ther¬ 
mometer  and  about  20  millims.  of  the  stem  were 
immersed  in  a  liquid,  consisting  mainly  of  oxygen, 
contained  in  a  vacuum  vessel  holding  about  450  cub. 
centims.,  which  was  enclosed  in  a  larger  vacuum 
vessel  containing  a  little  liquid  air.  Beside  the  ther¬ 
mometer  was  placed,  as  in  fig.  1,  a  glass  tube  m,  in 
which  pure  oxygen,  obtained  by  heating  potassium 
permanganate,  could  1)e  licpiefied.  This  tube  com¬ 
municated  with  the  ])ump,  witli  the  a])paratus  for 
U'eneratino-  the  o-wuen,  and  witli  a  manometer  of  the 


type  shown  in  fig.  2.  During  an  experiment  a  stream 
of  liydrogen  As^as  passed  through  the  liquid  in  the 
inner  vacuum  vessel,  to  prevent  superheating,  and  to 
stir  it  thoroughly.' 

In  calculating  the  results  it  was  possible  to  con¬ 
sider  the  whole  of  the  stem  from  the  toji  of  the  bulb 
to  the  level  of  the  top  of  the  vacuum  vessel  as  at  the 
temperature  of  liquid  air.  The  portion  not  immersed 
in  the  liquid  was  only  about  30  millims.  long,  and  the 
error  so  introduced  would  be  considerably  less  than 
0'01°  C.  The  coefficient  of  expansion  of  the  glass 
between  the  freezing-point  of  water  and  the  temperature  of  liquid  air  was  taken  as 
0’0000218,  a  number  which  we  obtained  by  actual  experiment  (p.  138).  The 
thermometer  was  filled  with  pure  dry  liydrogen  by  the  method  described  in  the 
second  appendix  to  Part  III.  of  this  paper. 

The  freezing-point  of  water  on  the  constant-volume  hydrogen  scale  is  taken  as 
273'03,  the  reciprocal  of  the  pressure  coefficient  0‘00366255. 

Tlie  formula  employed  in  calculating  the  results  is  as  follows  : — 


Fig.  1. 


Fig.  2. 


273 -03  ^  273  +  T,  ^  •' 


V,,, 

•■^73  -f  D, 


=  P 


V(1  -  a  (273  -  T)) 


V, 


273  9-  T',  '  273  +  TbJ 


where  P^  is  the  pressure  on  the  gas  when  the  bulb  is  surrounded  with  melting  ice  ; 
P  is  the  pressure  on  the  gas  when  the  buHi  is  at  the  temperature  to  be  measured  ; 
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V  is  the  volume  of  the  bulb  to  a  (fio’.  1),  at  0°  C.  ;  is  the  volume  of  the  dead- 
space  and  the  portion  of  the  stem  within  the  water-jacket ;  V,  is  the  volume  of  the 
remaining  portion  of  the  stem ;  a  is  the  coefficient  of  expansion  of  glass  ;  T  is  the 
temperature  to  be  measured ;  T/f'^  and  are  the  temperatures  of  the  stem  and 

dead-space  respectively  in  degrees  Centigrade,  The  left-hand  side  of  the  equation 
irives  the  value  of  tlie  constant  for  tlie  thermometer. 

o 


The  Ice-Point. 

Aolume  of  bulb  at  0°  C . 

,,  ,,  (lead-space . 

,,  ,,  stem . 

Pressure  on  gas  correcte(i  to  0°  C . 

Temperature  of  dead-spaec . 

„  „  stem . ■  . 

Constant . 


94-2096  cub.  centims. 
0-3904  „ 

0-1031  „ 

987-00  millims. 


11-29°  C. 
17-4°  C. 


342-2.35. 


The  Vapour  Pressures  of  Liquid  Oxygeti. 


Volume  of  luilb  at  86-5  abs .  93-8336. 


Pre,ssure  on  gas 
in  thermometer, 

Temperature  of 

Temperature 

Vapour  pressures 
of 

liipiid  oxygen. 

Temperature 

corrected  to 

0°  C. 

dead-space. 

of  stem. 

Found. 

From  curve 
(p.  151). 

^  C. 

°  C. 

millims. 

abs. 

abs. 

315-17 

11-1 

17-1 

514-5 

85-63 

86-54 

315-26 

11-1 

17-1 

516 

86-66 

86-56 

315-40 

11-1 

17-] 

518-5 

86  -  70 

86-61 

315-59 

11-1 

17-1 

519-5 

86-75 

86-64 

The  hgures  in  the  last  columns  are  obtained  from  tlie  smoothed  results  of  tlie 
measurements  of  tlie  vapour  pressure  of  oxygen  obtained  by  means  of  tlie  small 
thermometer.  There  appears  to  be  a  constant  difference  of  0'L°  C. 

In  discussing  the  accuracy  of  the  result  it  is  necessary  to  })oint  out  first  of  all  that 
it  is  extremely  difficult  to  maintain  a  large  mass  of  liquid  air  or  oxygen  in  a  steady 
state  of  ebullition  ;  and  for  this  reason  it  is  probable  tliat  the  results  obtained  by 
means  of  the  smaller  thermometers  are  the  more  accurate.  In  the  case  of  liquid  air 
we  liave  to  deal  not  only  with  the  difficulty  whicli  arises  from  tlie  superheating  of 
the  liquid,  but,  as  the  liquid  evaporates,  its  temperature  rises  rapidly.  Liquid  oxygen 
is  not  easy  to  obtain  in  large  quantities,  and  it  is  extremely  difficult  to  make 
it  boil  steadily ;  it  may,  in  fact,  become  superheated  to  the  extent  of  a  whole 
decrree  Centip'rade. 
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Ill  the  determination  of  the  ice-point  the  pressure  could  be  measured  without 
difficulty  to  0'02  millim.,  the  temperature  of  the  dead-space  to  0’01°  C.  ;  as  has  been 
pointed  out  in  Part  I.  of  this  paper,  the  accuracy  of  this  measurement  was  of  the 
order  of  1  part  in  20,000.  The  errors  are  thus  confined  to  the  measurement  of  the 
temperature  of  the  liquid  oxygen.  In  this  part  of  tire  experiment  the  pressure 
could  not  he  measured  with  certainty  to  0‘05  millim.,  though  the  error  certainly 
never  exceeded  OH  millim.,  whicli  is  equivalent  to  0’03°  C.  Such  errors  as  exist 
must  be  attributed  to  the  unecjual  heating  of  thermometer  bulb,  and  of  the  bulb 
containing  the  liquid  oxygen. 

7.  The  Smaller  Constant-Volume  Thermometers. 

As  has  already  been  stated,  the  use  of  a  thermometer  with  a  large  bulli  for  the 
measurement  of  low  temjieratures  is  open  to  serious  objections.  In  investigating  the 
whole  range  of  vapour  pressure  of  liquid  oxygen  and  of  liquid  hydrogen,  three 
instruments  were  used  with  bulbs  of  capacities  corresponding  to  12,  26  and  27  cub. 
centims.  These  instruments  (fig.  3)  did  not  differ  in  any  inqiortant  jiarticular  from 
the  large  thermometer  already  described,  but  as  it  was  not  necessary  to  determine 
the  pressure  with  a  degree  of  accuracy  greater  than  OT  millim.,  the  manometer 
column  g,  which  was  7  millims.  in  diameter,  was  not  jacketed  witli  Avater,  and  the 
distance  betAveen  the  surface  of  the  mercury  in  g  and  in  the  dead-s})ace  d  Avas 
read  directly  on  a  glass  scale  h,  placed  behind  tlie  insti'ument,  by  means  of  tAvo 
telescopies ;  the  readings  Avere  corrected  to  0°  0.  Tlie  tempierature  of  the  dead- 
space  d,  and  of  the  stem  as  far  as  c,  Avas  measured  by  means  of  a  thermometer 
placed  close  beside  d.  The  tempierature  of  the  manometer  column  Avas  taken  at 
the  mean  betAAmen  the  tempierature  of  the  dead-space  and  the  tempierature  indicated 
by  a  thermometer  placed  at  the  leAml  of  the  surface  of  the  mercury  in  the  manometer 
tube  g. 

The  thermometer  bulb  d,  Avhich  had  a  capacity  of  12,  26  or  27  culi.  centims.  in 
the  three  thermometers,  AA-as  sealed  to  tlie  stem  as  indicated  in  the  figure,  so  tliat 
if  any  mercury  were  accidentally  introduced  into  the  ladb,  it  could  be  coinjiletely 
removed  from  it  by  simpily  opiening  the  stopi-cock  f  and  loAATring  the  reseiwoir  con¬ 
nected  AAUth  it. 

In  making  a  measurement  of  tempierature  liy  means  of  a  constant-A'olume  gas 
thermometer,  the  temperature  of  the  bulb  a  and  of  the  dead-space  d  are  supiposed 
to  be  constant ;  and  Avhen  the  latter  is  measured  liy  means'  of  a  mercury  thermometer 
placed  beside  it,  the  former  can  be  calculated  from  the  piressure  exerted  by  the  gas. 
The  temperature  of  the  vertical  piortion  of  the  stem  c  is,  hoAvever,  uncertain,  and  is 
usually  taken  to  be  the  mean  of  the  extreme  tempieratures.  In  measuring  very  Ioav 
temperatures,  the  density  of  the  gas  in  the  dead-space  becomes  so  Ioav  that  its  mass 
becomes  nearly  negligible,  Avhile  the  amount  of  gas  in  the  stem  becomes  sufficiently 
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large  to  make  it  important  to  determine  its  temperature  to  within  a  few  degrees, 
particulai-ly  when,  as  in  our  experiments,  it  is  necessary  to  employ  a  small  thermo 
meter  bull). 


Eig.  3. 
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To  measure  the  temperature  of  this  portion  of  the  stem  we  employed  the  device 
Avliich  is  shown  in  the  figure.  A  second  thermometer  similar  to  the  one  already 
described,  witli  a  cylindrical  hulb  (.<!  of  the  same  length  as  the  portion  of  the  stem 
he,  was  mounted  opposite  the  inain  thermometer.  From  the  readings  of  tins 
auxiliary  thermometer,  taking  the  temperature  of  the  dead-space  and  mercury 
column  to  he  the  saine  in  the  case  of  the  main  thermometer,  the  mean  temperature 
of  the  stem  could  be  calculated  with  suflicient  accuracy  for  our  purpose.  This  device 
has  already  been  applied  by  other  investigators  to  similar  measurements.  The  stem 
of  the  main  and  auxiliary  thermometers  passed  at  c  through  a  rubber  stojjper  not 
shown  in  the  figure.  A  tube  rum,  terminating  in  a  bulb  at  the  lower  end,  also 
passed  through  the  ridDber  stopper,  and  communicated  with  a  manometer  of  the  type 
shown  in  fig.  2,  and  with  an  apparatus  for  generating  pure  oxygen. 

The  volume  of  the  bulb  and  stem  to  the  point  h,  of  the  stem  from  h  to  c,  and 
of  the  remainder  of  the  stem  and  dead-sjDace,  were  determined  l:)y  the  methods 
described  in  Part  I.  of  this  paper.  As  in  the  previous  case,  the  stem  was  divided 
in  millimetres  between  h  and  c. 

8.  Calibration  of  the  Thermometers. 

Calihraiion  of  the  stem. — The  volume  of  one  division  of  the  stem  was  deterinined 
before  the  bulb  Avas  sealed  to  it,  by  introducing  into  it  a  thread  of  mercuiy  Avhich 
was  measured  and  subsequently  weighed. 

Calibration  of  the  dead-space. — The  Amlume  of  the  dead-space  to  the  zero  point  C 
on  the  stem  Avas  determined  by  the  method  described  in  Part  I.  of  this  pa2)er  p.  (114). 
A  capillary  stop-cock  AA^as  sealed  to  the  tube  Avhich  joined  the  loAver  part  of  d. 
Mercury  AA^as  introduced  through  the  stop-cock  Ijy  means  of  a  rubber  tube  and 
mercury  reservoir,  till  it  Avas  l)rought  into  contact  Avith  the  point.  The  stop-cock  Avas 
then  closed,  the  rulfi)er  t\dje  removed,  and  the  mercury  run  out  of  the  apparatus 
and  Aveighed.  The  rubber  t\;l:»e  Avas  then  re-attached,  and,  by  raising  the  reseiwoir. 
mercury  Avas  introduced  so  as  to  fill  tlie  dead-space  and  stem  to  the  zero  point  c  on 
the  scale.  This  quantity  of  mercury  Avas  Aveighed  as  betore. 


Volumes  of  the  Bidbs. 


A. 

B. 

C 

I. 

11. 

I. 

II. 

Weight  of  bulb  filled  witli 

■water  to  mark  on  stem  .  . 

47  -5376  (10  ■2) 

56  -3542  (21°  '8) 

56-3804  (15° -6) 

50  -0494  (19°  -3) 

50  -0570  (17°  -8) 

AA’’eight  of  bulb  filled  with 

water  to  mark  on  stem  .  . 

35  -3322 

30-4265 

30-4253 

23  -3048 

23-3048 

Weight  of  air  in  bulb  .  .  . 

0  0147 

0  -0380 

0  -0280 

0  -0289 

0 -0289 

„  water  in  bulb  . 

Volume  of  bulb . 

12-2183 

12-2217  (10° -2) 

25  -9557 

26  -0110  (21° -8) 

25  -9959 

26-0075  (15° -6) 

26  -7157 

26  -7233 

,,  atO°C.  (Coef. 

of  exp.  of  glass  =  0’000028) 

12-218 

25-9948 

25  -9959 

26  -7444 

26  -7456 
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Volumes  of  the  Stems. 


Rulli  A. 

92-5  millims.  of  stem, 

0-2865  gramme  of  merc-urv 

103 

0-3300 

1  millim.  ,, 

=  0-000232  cub.  centim. 

Bulb  B. 

1G8-8  millim.s.  ,, 

=  0-65529  millim. 

1  millim.  ,, 

=  0-000286  cub.  centim. 

Bulb  G. 

The  stem  was  of  the  same  diameter  as  that  of  bulb  . 

1  millim.  =  0"  00319  gramme 
1  „  =  0-00320  „ 


Volume  of  the  Dead-Space. 


iMercury  from  stop-cock  to 
mark  on  stem. 

Mercury  from  stop-cock  to 
glass  point. 

j\lercury  in  dead-space. 

Bulb  A.  30-6650 

26-4225 

4-2425 

30-6691 

26-4225 

4-2425 

30-6614 

26-4225 

4-2389 

Mean  volume  of  dead-space,  0-313. 

Bulb  B.  The  volume  of  the  dead-space  to  the  mark  on  the  stem  was  0-312  ;  it  is 

unnecessary  to  give  further  details. 

Bulb  C.  The  volume  of  the  dead-space  was  the  same  as 

in  bulb  C. 

Ill  calculating  the  results,  the  thei-mometers  were  considered  as  divided  into  three 
sections. 


A. 

B. 

C. 

The  bulb  and  stem  to  the  level  of  the  bottom  of 

cub.  ceutiius. 

cub.  ccntims. 

cub.  centiuis. 

the  auxiliary  thermometer.  Volume . 

12-216 

25-976 

26-714 

The  stem  for  the  length  corresponding  to  that  of 

the  bull)  of  the  auxiliary  thermometer.  Volume  . 

0  -  035 

0  -  044 

0-044 

The  remaining  portion  of  the  stem  and  dead-space. 
Volume . 

0-280 

0  -  287 

1 

0-287 

i 

Ihe  Volume  of  the  Auxiliary  Thermometer. 

The  volume  of  the  bulb  and  dead-space  Avere  determined  by  the  methods  already 
referred  to.  As  great  accuracy  was  not  required,  details  need  not  be  given. 

Volume  of  bulb  to  c  (fig.  3) . 0.104  cub.  ceiitims. 

Volume  of  ilead-spaee  and  stem . 0  •  204 
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9.  Calculation  of  the  Results. 


The  results  were  calculated  by  means  of  the  formula  : 


V  +  Y, 
°  1  273-03 


+  YY 


Y 


tls 


2U 


+  T 


ils 


=  P 


fY(l  -  a  (273  -  T)) 

1  ^ 


+ 


r  /  o 


+  T 


+ 


Y, 


(Is 


Uo 


+  T',,. 


Where  Pq  is  the  pressure  on  the  gas  when  the  bulb  and  stem  \^-ere  immersed 
in  ice, 

P  is  the  pressure  on  the  gas  when  the  bulb  is  at  tlie  temperature  to  l:)e  measured, 

V  is  the  volume  of  the  bullj  at  0°  C., 

Vj  is  the  volume  of  the  stem  from  B  to  C, 

Yifs  is  the  volume  of  the  dead-space, 
a  is  the  coefficient  of  expansion  of  the  glass, 

273 ’03  is  the  melting-point  of  ice  on  the  gas  scale,  the  reciprocal  of  the  pressure 
coefficient  of  the  gas  witli  which  the  thermometer  is  filled, 

T  is  the  temperature  to  he  measured, 

Ihf  and  T'js  are  the  temperatures  of  the  dead-sj^ace  in  degrees  Centigrade, 

Tj  is  the  temperature  of  the  stem  calcidated  from  the  readings  of  the  auxiliary 
thermometer. 

In  calculating  T^,  the  following  formula  was  enqjloved  ; 


.9-0  + 

-  I  O 


V 


(Is 


273  +  T,!s 


=  P  j-  -1 - ^ 

J  .?  -  i  o 


,o  -f  T 


ds 


Since  for  each  series  of  observations  the  ice-point  remained  constant,  the  left-hand 
side  of  each  equation  could  be  expressed  liy  a  constant  for  each  filling  of  the 
thermometer. 


10.  Va^oour  Pressures  of  Lieiukl  Oxyejen  on  the  Constant- Volume  Hydrogen 

Scale. 

(1.)  March,  1901.  Thermometer  A  (12  cub.  centims.  bulb). 

Ice-Point  of  Thermometer. 


Pressure  on  gas 

Temperature  of  dead- 

Constant. 

(corr.). 

space. 

milliin-s. 

°C. 

844 • 65 

15-30 

38-7114 
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The  enii.stant  ha-  tlie  auxihai-v  tliennoinetei-  was  in  this  experiment  determined 
]jy  measuring  the  pressure  when  the  bulb  and  dead-s])ace  were  at  tlie  same 
temperature 


Pressure  on  gas. 

Temperature  of  bulb 
and  dead-.si3ace. 

Constant. 

millims. 

°C. 

824-3 

18-0 

6-59 

Vapour  Pressures  of  Licpiid  Oxygen. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Temperature 
of  stem. 

Aapour  pressures 
of 

liquid  oxygen. 

Temp 

Found. 

srature 

Calculated. 

millims. 

°  C. 

°  If.  scale. 

millims. 

°  H.  scale. 

°  H.  scale. 

266-9 

16-60 

132 

411-3  ■ 

84-60 

84-62 

267-25 

16-80 

132 

416-6 

84-70 

84-73 

267-80 

16-80 

134 

424-6 

84-86 

84-88 

268-30 

16-82 

136 

430-5 

85-04 

84-99 

268-40 

16-83 

136 

432  -  6 

85-07 

85-04 

269-10 

17-00 

139 

443-8 

85  -  20 

85-26 

(II.)  Thermometer  A,  refilled  with  hydrogen. 


Ice-Point,  March  19th,  1902. 


Pi-essure  on  gas 
in  thermometer. 

Temperature  of 
dead-siDace. 

Constant. 

millims. 

“C. 

}>lain  thermometer  .... 

974-1 

15-9 

44-651 

Auxiliary  thermometer . 

887-5 

15-0 

7-53 
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Vapour  Pressures  of  Lkpiid  Oxygen. 


Pi'essure  on  gas 

Temperature  of 

Tempe;  ature 

Vapour  pressures 
of 

licptid  oxygen. 

Temperature 

ill  thermometer. 

(lead-space. 

of  stem. 

Found. 

Calctdated. 

millims. 

''C. 

ir.  scale. 

milliins. 

°  H.  scale. 

1 

°IT.  pca^e. 

[a)  March,  20th,  1902. 

323  -  0 

16 -G 

140 

664-2 

88-79 

88-84 

323-5 

16-6 

142 

668-9 

88-93 

88-92 

325-2 

16-8 

149 

703-6 

89  •  39 

89-38 

325  -  5 

16-8 

152 

708  -  3 

89  -  48 

89-44 

[h)  March  21st,  1902. 

293-95 

16-6 

136 

252  - 1 

80-78 

80-77 

294-45 

16-7 

141 

258  -  4 

80-91 

80-95 

294-85 

16-8 

146 

260-3 

81-02 

81-03 

(c)  March  24th,  1902. 

303-7 

12-9 

119 

356-7 

83-44 

83-46 

304-0 

13-1 

121 

359-4 

83-52 

83-52 

304  -  4 

13-3 

125 

364-7 

83-63 

83-64 

309  -  3 

14-1 

158 

427-2 

309  -  45 

14-2 

159 

429-4 

S  85-01 

84  -  98 

309  -  7 

14-3 

159 

432-5 

J 

(d)  March  25th,  1902  (Morning). 

301-7 

j  14-6 

1  r 

330  - 1 

I 

301  - 1 

14-6 

1  143  \ 

324  -  9 

y  82-75 

82  -  75 

301-2 

1  14-7 

J  1 

325-4 

J 

(e)  March  25th,  1902  (Afternoon). 


309- 7 
309  •  9 

310- 15 


13-4 


121 


434  -  5 
438-4 
445  -  4 


85-18 


85-19 


In  this  set  of  experiments  a  little  mercury  was  accidentally  introduced  into  the 
bulb  of  the  auxiliary  thermometer,  which  was  taken  as  being  somewhat  shorter 
and  of  smaller  capacity. 


TJ 


o 
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(III.)  Thermometer  B  (26  cub.  centim.s.  bulb),  filled  with  hydrogen,  June  2nd. 

Ice-Point  of  Thermometer. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

minims. 

C 

Wain  thermometer  .... 

9.52  "55 

17-75 

91-717 

Auxiliary  thermometer . 

951 

17-75 

8-09.3 

Vapour  Pressure  of  Liquid  Oxygen. 

June  3rd,  1902. 


Pressure  on  gas 

Temperature  of 

Temperature 

Vapour  pressure 

Temperature 

in  thermometer. 

dead-space. 

of  stem. 

liquid  ox3'’gen. 

Found. 

Calculated. 

millims. 

°  C. 

°  IT.  scale. 

millims. 

°  H.  scale. 

°  H.  scale. 

293-75 

19-1 

9S 

316-7 

83-21 

83-23 

This  result  is  the  mean  of  two  very  concordant  observations. 


11.  The  Vfcpour  Pressures  of  Liquid  Oxygen  on  the  Constaid-Volume  Helium 

Scale. 

(I.)  Thermometer  A  (12  cub.  centims.  bull)). 

The  helium,  wliicb  bad  been  obtained  by  beating  cleveite,  was  purified  by  sparking 
with  oxygen,  and  was  afterwards  passed  through  liquid  oxygen  condensed  in  a  bulb 
and  cooled  to  below  —  200°  C.  The  gas  was  passed  through  a  bulb  immersed  in 
liquid  air  on  its  way  into  the  tliermometer. 


Ice-Point  of  the  Thermometer. 


Pressure  on  gas 
in  thermonreter. 

Temperature  of 
dead-sj3ace. 

Constant. 

Wain  thermometer  .... 

millims. 

966-9 

°  C. 

11-6 

11-327 

Tlie  auxiliary  thermometer  was  still  filled  with  bvdrogen. 
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Vapour  Pressure  of  Liquid  Oxygen. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Temperature 
of  stem. 

Vapour  pressures 
of 

liquid  oxygen. 

Tempe 

Found. 

rature 

Calculated. 

millims. 

°C. 

°  He.  scale. 

millims. 

°  He.  scale. 

°  He.  scale. 

(«)  March  13th,  1902. 

324-5 

18-2 

199 

764-0 

90-36 

90  -  25 

326-45 

18-3 

208 

685-5 

89-22 

89-22 

(h)  March  17th,  1902. 

322-9 

17-8 

165 

677-5 

89-10 

89-12 

323-2 

17-8 

169 

682-1 

89-18 

89-18 

323-5 

18-0 

176 

686-7 

89-27 

89-25 

323-6 

18-0 

180 

688-2 

89-29 

89-28 

(II.)  Thermometer  A. 

The  thermometers  were  filled  with  helium  purified  hy  passing  it  through  a  coil 
immersed  in  liquid  hydrogen  at  its  hoiling-point  (Appendix  III.). 

Ice-Point  of  Thermometers,  April  17th  and  March  25th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

millims. 

°C. 

..  r  •  .  f  March  25th . 

Maintherm.onieter|^p^jj  17th . 

976-94 

976-42 

18-9 

15-5 

44-769 

44-756 

Auxiliary  thermometer . 

996 

16 

7-73 

Vapour  Pressure  of  Litpiid  Oxygen. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Temperature 
of  stem. 

Vapour  pressures 
of 

liquid  oxygen. 

Temperature 

Found. 

Calculated. 

millims. 

324-75 

324-75 

°  C. 

20-0 

20-4 

°  He.  scale. 

175 

167 

millims. 

675  -  5 

677-0 

°  He.  scale. 

89-10 

88-96 

°  He.  scale. 

89-09 

89-13 
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(TIT.)  Thermometer  B  (20  cuh.  ceiitims.  'milh). 

Tlie  thermometers  were  tilled  '"■ith  heliimi  purified  by  passing  it  through  a  coil 
cooled  to  15°’5  by  means  of  licpiid  liydrogen  l)oiling  under  reduced  jiressure 
(Appendix  III.). 


Ice-Point  of  Thermometer,  June  4th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

milliiBS. 

°C. 

Main  thermometer  .... 

939-95 

17-35 

90-503 

Auxiliary  thermometer . 

954 

17-3 

8-093 

Vapour  Pressure  of  Licpiid  Oxgen 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-sjDace. 

Temperature 
of  stem. 

Vapour  pressures 
of 

liquid  oxygen. 

Tempc 

Pound. 

nature 

Calculated. 

niillims. 

°C. 

°  He.  scale. 

minims. 

°  He.  scale. 

°  He.  scale. 

288-1 

17-7 

98 

322-0 

82-73 

82-74 

288  -  7 

18-0 

100 

328-0 

82  -  90 

82-89 

(IV.)  Thermometer  (f  (2(D7  cub.  centims.  bidb). 

The  helium  was  from  the  same  samjde  as  was  \ised  in  the  last  experiment. 


Ice-Point  of  Thermometer,  June  11th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

Main  thermometer  .... 

millims. 

922-25 

°C. 

16-90 

91-204 

The  auxiliaiy  thermometer  Avas  not  refilled. 
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A^a])oni‘  Pressure  of  Liquid  (5xygeu. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Temperature 
of  stem. 

Vapour  pressures 
of 

licpiid  oxygen. 

Tempt 

Found. 

.rature 

Calculated. 

millims. 

“C. 

°  lie.  scale. 

inillims. 

°  He.  scale. 

°  He.  scale. 

*307-70 

16-0 

103 

750-5 

90-11 

90-08 

1307-94 

16-5 

105 

755  -  5 

90-18 

90-15 

305-00 

17-1 

98 

692-0 

89  -  32 

89  -  32 

300-45 

17-1 

98 

600-5 

87-99 

88  -  02 

291-95 

17-0 

89 

449-0 

85  -  47 

85-46 

301-05 

17-0 

97 

608-5 

88-17 

88-15 

292-30 

16-8 

78 

456-0 

85-58 

85  -  58 

in  this  experiineiit  the  vacuuni  vessel  surrounding  tlie  theruionieter  bulb,  &c.,  was 
first  of  all  filled  with  nearly  pure  liquid  oxygen.  The  ll(]uid  was  made  to  boil 
steadily  by  passing  a  current  of  gaseous  oxygen  into  the  liquid.  Liquid  air  was 
added  to  the  liquid  oxygen  to  obtain  the  lower  tein|)erature.  Between  tiie  first  and 
second  observations  the  manometer  and  bidb  containing  the  pure  oxygen  were 
exhausted  and  refilled. 


12.  Treatment  o  f  the  Resnlte,. 

The  figures  given  in  the  last  column  of  the  foregoing  tables  are  the  temperatures, 
corresponding  to  the  observed  ju-essures,  taken  from  the  smoothed  vapour  pressure 
curves  shown  in  Plate  1.  It  will  be  observed  that  the  points  obtained  l)y  direct 
observation  lie  in  every  case  very  close  to  the  curve,  and  that  the  difference  between 
the  observed  and  calculated  temperatures  rarely  exceeds  two  or  three  hundredths  of 
a  degree. 

The  results  obtained  by  direct  observation  of  tlie  vapour  pressures  were  smoothed 
by  the  method  of  Ramsay  and  Young  {‘  Phil.  Mag.,’  188G,  vol.  21,  jj,  88  ;  vol  22,  p.  87), 
This  method  consists  in  calculating  the  ratios  of  the  absolute  temperatures 
T„,  T/j,  TV,  T/,  &c.,  for  any  pair  of  substances  A  aiid  B  corresponding  to  vapour 
pressures  p,  p',  &c.,  and  plotting  the  ratios  T„/Tj,  TV/T/,  &c.,  against  the  temperature 
T,„  T/,  as  rectangular  coordinates.  The  points  so  defined  lie  on  a  straight  line,  from 
which  the  temperatui-e  corresponding  to  any  pressure  p  for  the  substance  B  can  be 
calculated,  by  first  finding  the  temperature  Tb  coi'responding  to  that  vapour  pressure 
for  the  substance  A,  determining  the  value  of  the  ratio  Tb/Ti,  and  dividing  the  value 
of  Ta  by  it.  In  smoothing  our  I'esults  we  took  water  as  the  second  substance  A. 

Two  sets  of  ratios  were  obtained  by  this  method,  corresponding  to  the  tempera- 


*  The  mean  of  two  observations, 
t  The  mean  of  four  observations. 
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tures  of  liquid  oxygen  on  the  hydrogen  and  helium  scale.s.  When  the  results  were 
plotted  against  the  absolute  temperatures  of  water  two  j^arallel  straiglit  lines  were 
obtained.  From  these  lines  the  smoothed  values  of  the  ratios  corresponding  to  those 
temperatures  at  which  the  vapour  pressures  of  water  have  the  values  expressed  in 
the  following  table  were  determined,  and  from  them  the  corre.sponding  teinj^eratures 
of  liquid  ox3"gen  on  the  scale  of  the  two  thermometers  were  calculated  (see  Plate  1). 


13.  The  Vapour  Pressures  of  Liquid  Oxygen. 


Pre.ssures  in  millimetres 
of  mercury. 

Temperatures  on  the 
hydrogen  scale. 

Temperatures  on  the 
helium  scale.  i 

800 

9oh;o 

90-°  70 

790 

90-47 

90-57 

780 

90-35 

90  -  45 

770 

90-23 

90-33 

760 

90-10 

90-20 

750 

89  -  97 

90-07 

740 

89  -  85 

89  -  95 

730 

89-71 

89-81 

720 

89  -  58 

89-68 

710 

89-46 

89-56 

700 

89  -  33 

89-43 

G.50 

88-65 

88  -  75 

600 

87-91 

88-01 

550 

87-13 

87  -  23 

500 

86-29 

86-39 

450 

85-37 

85-47 

400 

84-39 

84-49 

350 

83-31 

83-41 

300 

82-09 

82-19 

250 

80-70 

80-80 

200 

79-07 

79-17 

150 

77-07 

77-17 

14.  Discussion  of  the  Pesidts. 

When  the  results  which  are  tabulated  in  the  preceeding  table  are  plotted  on  a 
diagram,  it  will  he  observed  that  the  vapour  pressures  of  liquid  oxygen  on  the  scale 
of  the  two  thermometers  are  expressed  by  two  curves,  and  that  the  temjjerature 
corresponding  to  any  particular  pressure  is  always  0’1°  higher  on  the  helium  scale 
than  on  the  hjnlrogen  scale.  As  we  shall  show  later  (Part  III.,  p.  169),  the  divergence 
becomes  still  greater  at  lower  temperatures. 

Though  the  pressure  coefficients  for  hydrogeji  and  lielluin  between  the  melting- 
point  of  ice  and  tlie  Ijoiling-point  of  water  do  not  appear  to  differ  appreciablv,  and 
tliough  at  the  normal  temperature  these  gases  ma^"  he  considered  as  nearh'  perfect,  it 
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is  not  surprising  tliat  they  exhibit  a  diftereuce  at  lower  temperatures.  It  must  he 
remembered  that  while  the  critical  p(nnt  of  hydrogen  is  about  35°  al)S.,  it  is  probable 
(Part  III.,  p.  177)  that  the  critical  point  of  helium  does  not  lie  far  from  10°  abs.  The 
temperature  of  liquid  air,  about  85°  al)S.,  expressed  as  a  multiple  of  critical  tem¬ 
perature  of  the  gas,  is  8  with  regard 'to  helium,  and  2‘5  with  regard  to  liydrogen, 
which  is  at  that  temperature  in  a  state  corresponding  to  that  of  oxygen,  of  which  the 
critical  point  is  150°  abs.,  at  the  boiling  point  of  water.  At  this  temperature  we  have 
no  reason  to  believe  that  oxygen  behaves  in  any  way  as  a  perfect  gas. 

Further,  as  was  first  shown  by  Wroblewski  [loc.  cit.,  p.  136),  and  later  by  two  of 
us  (Travers  and  Senter,  ‘Brit.  Assoc.,’  1901),  the  coefficient  of  expansion  of 
hydrogen  at  constant  pressure  between  the  normal  temperature  and  the  temperature 
of  liquid  air  increases  rapidly  with  rise  of  pressure.  This  tends  to  confirm  the  result 
which  we  novr  bring  forward,  that  at  an  initial  'pi'essiire  ofl  met)-(;  of  nunxury  at  the 
melting-point  of  ice,  the  constant  volume  hydrogen  and  helium  sccdes  differ  hy  OT  at 
the  hoiling -point  of  liquid  oxygen.  At  lower  initicol  pressures  the  difference  Ijetween 
the  two  scales  of  temperature  might  possiljly  be  smaller. 


15.  The  J’rohcdde  Accuracy  of  the  Ilesults. 

It  may  at  once  be  pointed  out  that  in  experiments  (if  this  kind  the  probable 
accuracy  cannot  be  arrived  at  liy  any  method  of  calcidation.  So  far-  as  the  actual 
measurements  of  temperatures  and  pressures  are  concerned,  they  may  easily  be  made 
to  1  in  10,000.  In  discussing  tlie  actual  experiments  we  have,  however,  to  consider 
such  sources  of  error  as  may  be  due  to  the  superheating  of  tlie  liquid  of  which  the 
vapour  pressure  is  being  determined  ;  inequalities  in  the  temperature  of  the  li(|uid  in 
which  the  thermometer  was  immersed  ;  and  errors  due  to  impurities  in  the  gases  and 
liquids  employed. 

It  will  be  oljserved  tliat  in  the  course  of  our  work  we  have  employed  four  different 
thermometers,  tlie  large  thermometer  used  for  determining  the  pressure  coefticients 
of  tlie  gases  between  0°  and  100°  0.,  and  three  smaller  instruments  of  which  the 
bulbs  had  capacities  of  12  cidi.  centims.  (A),  2()  cub.  centims.  (B),  and  26 '7  cub. 
centims.  (C),  respectively.  Though  the  large  tliermometer  should  give  the  most 
accurate  results,  and,  indeed,  difierentiation  of  the  equations  employed  in  calculating 
the  results  indicates  that  the  errors  of  measurement  of  a  steady  temperature  of 
about  85°  abs.  should  be  accurate  to  0'005,  it  appears  to  be  impossible  to  maintain  so 
large  a  thermometer  bidb  at  a  uniform  and  steady  temperature.  We  have  tlierefore 
considered  that  the  results  obtained  liy  means  of  the  smaller  thermometers,  which 
are  very  concordant  among  themselves,  and  differ  only  by  0'1°  from  the  results 
obtained  by  means  of  the  large  thermometer,  are  the  most  accurate.  The  values  of 
the  boiling-point  and  vapour  pre-ssures  of  licjuid  hydrogen  determined  by  means  of 
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the  same  themimiieters  show  an  even  closer  agreement ;  this,  as  we  shall  presently 
show,  is  due  to  the  tact  that  liquid  hydrogen,  unlike  liquid  oxygen,  does  not  tend  to 
become  superheated. 

It  is  a  somewhat  remarkable  fact  that  pure  oxygen  when  liquified  can  only  with 
difficulty  he  made  to  l)oil  steadily.  By  passing  a  rapid  current  of  oxygen  or  air 
through  tlie  liquid  a  fairly  steady  temperature  may  he  maintained,  but  if  the  current 
is  sto])ped  the  temperature  may  rise  more  than  one  degree.  This  probably  accounts 
for  the  fact  that  the  temperatures  found  Ijy  us  are  in  every  case  somewhat  lower 
than  those  of  other  oljservers,  who,  without  exception,  measured  the  pressure  on  the 
mass  of  liquid  in  which  the  thermometei'  was  immersed.  This  source  of  error  we 
have,  however,  taken  great  pains  to  eliminate  ;  foi'  the  accuracy  of  the  actual 
measurements,  the  concordance  of  the  olrservation  made  by  means  of  the  different 
tliermomf'tei’S  furruslies  a  sufficient  guarantee. 
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I.  Prt'Viou.'i  In  rest igi (t  ioiis. 

The  boiling-point  of  litittid  bydfogen  lias  Iteen  measured  directly  by  Dewar  and 
indirectly  by  (Dlszewske  Tbe  former  enijiloyed  constant-volnme  hydrogen  and 
helium  thermometers,  tbe  latter,  howevei',  containing  a  mixture  of  helium  and  neon, 
obtained  liy  a  method  wlhcli  will  lie  discussed  later  (p.  171).  The  results  are  as 
follows  ('  Roy.  8oc.  Proc.f  Feb.  1001,  vol.  68,  p.  40)  : — ■ 


Pressure  of  the 
gas  in  thermometer 
at  OA’. 

Tenqjerature  of  li(juid 
hydrogen. 

Atmosjjheric 

pressure. 

raillim.^. 

°e. 

milliiiis. 

Hydrogen  thermometer  («) 

286  ■  6 

-  253-03 

760-6 

„  „  (h)  . 

269-8 

~  253-37 

764-4 

»»  ))  ip) 

127-0 

-  250  -  .35 

759-5 

„  „  C)  ■  •  • 

-  739-0 

-252-81 

770-5 

Helium  thermometer  («)  .  . 

728-0 

-252-68 

765-0 

»  n  0) 

728-0 

-  252-84 

770-0 
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The  boiling-point  of  liquitl  oxygeii  ^^"as  nieasuved  in  (iveiy  case  as  a  clieck  on  the 
results. 

The  results  obtained  h);"  means  of  the  hydrogen  thermometer  filled  under  a  pressure 
of  739  millims.  of  mercuiy  dilfer  from  the  mean  of  our  observations  by  0°'l.  The 
difterence  between  this  result  and  those  obtained  in  experiments  (a),  (//)  and  (c)  is 
certainly  due  to  experimental  error,  since  the  temperatures  determined  by  means  of 
a  gas  theiinometer  should  rise  when  tlie  pressure  on  fhe  gas  in  the  thermometer  is 
reduced.  Since  the  pressure  on  the  gas  in  the  thermometer  was  in  each  of  these 
experiments  very  small,  the  experimental  error  was  proportionally  large,  and  much 
greater  weiglit  must  he  attached  to  the  last  measurement. 

The  results  obtained  by  means  of  the  helium  thermometer  are  lower  than  those 
ol  Rained  by  us,  though  the  difference  is  not  constant. 


Pi'essure. 

Temperature. 

1 

1 

Dewai:. 

T.  and  J. 

I 

1 

A. 

770 

°c. 

-252 -St 

-  252 • 57 

! 

c 

0-27 

765 

-  252 • 68 

-  252 ■ 60 

0-08 

Olszewski  (‘Phil.  Mag.,’  1895  (5),  vol.  39,  p.  199;  vol.  4U,  p.  202)  employed  the 
following  method:  Hydrogen  was  compressed  to  170  atmospheres  into  a  steel 
cylinder,  with  a  loose  glass  lining  enclosing  the  platinum  coil  of  a  resistance  thermo¬ 
meter,  of  which  the  resistance  had  been  determined  at  0°,  —  78°,  —  182°’5  and 

—  208°  C.  The  cylinder  vns  cooled  in  licpiid  air,  boiling  in  vacuo,  and  the  gas  was  then 
allowed  to  escape  from  the  cylinder.  When  the  pressure  fell  to  one  atmosphere  the 
resistance  of  the  coil  was  measured,  and  the  temperature  determined  by  linear 
extrapolation.  As  the  result  of  numerous  trials,  he  found  the  temperature  to  lie 

-  243°-5. 

Though  the  method  gave  accurate  results  for  the  boiling-point  ot  oxygen,  the 
results  are  of  no  value  so  far  as  the  temperature  of  licpiid  hydrogen  is  concerned,  as 
the  variation  of  the  resistance  of  platinum  with  the  temperature  is  not  linear. 

Beyond  determining  the  boiling-point  of  licpiid  hydrogen  on  fhe  scales  of  the  two 
thermometers,  Dewae  (‘  Bov.  Soc.  Proc.,’  vol.  68,  p.  360)  finds  the  melting-point 
on  the  helium  scale  to  he  16°;  an  earlier  determination  by  him  gives  the  melting 
pressure  as  55  millims.  (T.  and  J.  find  14°'l  and  49  millims.  respectively,  p.  170.) 
He  also  gives  the  following  values  for  the  temperatures  of  solid  hydrogen  corresponding 
to  very  low  jiressures  (/or.  cit.)  : — 
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Thermometer  2. 

Thermometer  3. 

Vapour  pressures  . 
Temperatures  .... 

764  •  4  millims.,  30-40  millims. 
-2.53-37°C.,  -258-66°C. 

759 '5  millims.,  30-40  millims. 

-  250-35°C.,  -  255-67°C. 

As  has  already  Ijeen  pointed  out  (p.  156),  the  pressure  on  the  gas  in  these  thermo¬ 
meters  was  very  small,  and  little  weight  can  be  attached  to  the  results. 


2.  The  Liquefaction  of  Hydrogen. 

The  liquid  hydrogen  employed  in  these  researches  was  obtained  l)y  means  ot  an 
apparatus  devised  and  constructed  by  one  of  us  twu)  years  ago.  The  apparatus  as  it 
was  originally  designed,  has  been  described  in  the  ‘Philosophical  Magazine  ’  (1901, 
vol.  17,  411),  and  such  slight  modifications  as  have  since  been  introduced  are 
referred  to  in  the  treatise,  Travers  on  ‘  The  Experimental  Study  of  Gases,’  p.  206. 
The  hydrogen  was  obtained  by  the  action  of  dilute  sulphuric  acid  upon  commercial 
granulated  zinc,  contained  in  a  cylindrical  lead  vessel,  of  which  the  joints  had  been 
soldered  in  the  oxyhydrogen  hlow-pipe.  The  gas  was  purified  l)y  passing  it  first 
through  a  solution  of  potassium  permanganate ;  tlirough  two  glass  towers,  each 
1|-  metres  in  length,  containing  broken  pumice  over  which  a  sulphuric  acid  solution 
of  potassium  bichromate  ran  continuously  ;  tlirough  a  third  glass  tower  containing 
pumice  kept  moist  with  silver  nitrate  solution  ;  and  finally,  through  a  wash  bottle 
containing  caustic  potash  solution,  into  the  gasometer.  In  this  way  it  was  possible 
to  obtain  hydrogen  from  which  lint  little  solid  sejiarated  during  tlie  process  ot 
liquefaction.^'" 

In  one  experiment  in  which  we  failed  to  obtain  liquid  hydrogen,  owing  to  the 
formation  of  solid  air  in  the  vacuum  vessel  enclosing  the  regeneratoi'  coil,  we  found 
that  the  jiacking  of  the  low-pressure  piston  of  the  compressor  had  become  so  worn 
that  air  was  being  taken  into  the  cylinder  with  the  hydrogen.  With  compressors 
of  the  “  Whitehead  ”  type,  in  which  the  piston-rod  does  not  jiass  through  a  gland, 
and  the  compression  is  only  affected  l:)y  the  inward  motion  of  tlie  }jiston,  special  care 
must  be  taken  tliat  the  piston  jjacking  or  cup-filire  fits  the  cylindei'. 

In  connection  Avith  the  Avork  on  liquid  hydrogen,  Ave  Avlsh  to  express  (Aur  thanks  to 
Mr.  Holding,  Mechanic  in  the  Chemical  Department  of  University  College,  for  his 
invaluable  services. 

*  In  connection  witli  the  preparation  of  the  hydrogen,  a  curioirs  oliservation  \ra,s  made  Avhich  has  not 
been  explained.  The  sih^er  nitrate  solution  Avhich  escaped  at  the  bottom  of  tlie  tower  ajApeared  almost 
immediately  to  deposit  pure  sih^er  in  the  form  of  small  liright  metallic  crystals.  Very  little  sih^er 
appeared  to  form  inside  the  toAver,  and  it  seems  as  if  some  compound  were  produced  which  decomposed 
in  contact  with  the  air.  The  hydrogen  had  already  passed  through  two  towers  containing  acid  chromate 
solution,  and  it  is  possible  that  hydrogen,  like  oxygen,  liecomes  more  actiA'e  when  it  takes  part  in  a  slow 
chemical  reaction. 
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8.  The  AIaiuind((tioa  of  Liquid  Hyd/rof/en. 

In  each  experiment  we  employed  about  400  centim,s.  of  liquid  liydrogen,  which, 
wlien  sufficient  liquid  air  (about  8  litres)  liad  been  accumulated  to  cool  the  apparatus, 
could  be  obtained  in  less  than  1  liour  from  the  time  of  commencing  the  operations. 

Though  perhaps  it  is  little  to  be  ex])ected,  it  is  a  fact  that  it  is  much  easier  to 
make  measurements  of  the  boiling-point  and  vapour  pressures  of  liquid  hydi'ogen 
than  of  liquid  oxygen.  As  we  have  already  stated  (]i.  140),  liquid  air  tends  to 
become  supei'heated,  and  only  with  difficulty  can  it  be  made  to  boil  steadily.  Liquid 
hydrogen,  on  the  other  hand,  can  be  made  to  boil  quite  steadily  at  any  temperature 
between  its  boiling-point  and  melting-point.  Possibly  this  may  be  due  to  the 
presence  of  finely  divided  particles  of  solid  air  suspended  in  it,  for  it  does  not  appear 
that  tlie  ])henojnenon  of  superheating  is  dependent  npon  any  intrinsic  property  of  a 
liquid. 

'fliat  the  value  of  tlie  latent  heat  of  vaporisation  is  very  high  (Df.wae,  ‘  Hoy. 
Soc.  Proc.,’  June  13th,  L901,  vol.  (18,  3GI)  is  also  in  fiivour  of  the  experimenter;  for 
as  the  boiling-point  of  hydrogen  is  more  than  sixtv  degrees  lower  than  the  tempera¬ 
ture  of  licpiid  air,  the  operation  of  cooling  a  thermometer  ladb,  previously  cooled  in 
liquid  ai]-,  to  the  boiling-point  of  licpiid  hydrogen,  necessitates  the  absorpti(m  of  a 
considerable  quantity  of  heat. 

When  the  vacuum  vessel  which  received  the  li([uid  hydrogen  from  the  liijuetier  was 
tilled  with  tlie  liquid  it  was  at  once  removed  from  the  a])paratu.s,  ])lugged  with 
animal  wool,  and  enclosed  in  an  outer  vessel  containing  liquid  air.  The  mouth  of  a 
vessel  containing  liquid  hydrogen  cannot  be  left  open,  as  in  that  case  air  enters  the 
vessel,  solidities,  and  rapidly  evaporates  the  liijuid.  A  plug  of  natural  wool  is  preferable 
to  a  cork  or  rubbei'  stop])er,  for  the  interstices  of  avooI  become  filled  with  cold  vapour, 
and  the  plug  acts  as  an  excellent  insulator,  whereas  the  heat  radiated  from  the 
solid  stopper  helps  to  evaqioiate  the  liipiid. 


4.  Method  of  Detenniinii<j  the  Wipour  Pressures  of  Liquid  Ilydivf/eu. 

The  thermometers  emj)loyed  in  these  researches  were  identical  Avith  those  used  in 
determining  the  vajiour  jiressures  of  liijuid  oxygen,  and  in  nearly  eveiy  case  in  which 
:i  measurement  was  made  with  liquid  hydrogen,  a  point  on  the  vapour-pressure  curve 
of  oxygen  was  also  determined  as  a  check  njion  the  residts.  The  apparatus  as 
arranged  for  these  experiments  is  shown  in  section  in  tig.  1.  The  thei'inoiueter 
lias  already  been  fully  described  in  Part  II.  of  this  investigation,  so  that  to  .simplify 
the  description  only  the  bulb  o  of  the  main  thermometer,  and  the  bulb  rd  of  the 
auxiliary  thermometer,  by  means  of  which  the  temperature  ot  the  .stem  of  the  main 
thermometer  was  determined,  are  shown  in  the  present  diagram. 
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Fig.  1. 
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The  stem  of  the  main  and  anxiliaiy  thermometers  passed  through  two  holes  in 
a  ru]jl>er  stopper,  p.  Througli  one  of  two  holes,  pierced  at  right  angles  to  the  tirst, 
passed  the  stem  of  the  hidh  yrhich  contained  pure  hydrogen  (pp.  138.  130)  and  commu¬ 
nicated  with  a  manometer.  Tlie  capillary  tube,  x,  which  was  sealed  at  its  lower  end, 
communicated  with  a  com})ression  apjiaratus  containing  helium,  passed  through  the 
other  liole.  Tliis  tube  was  employed  in  an  attempt  to  li(|uefy  helium,  which  will  he 
dealt  with  latei’.  In  order  to  make  tlie  diagram  clearer,  the  glass  walls  and  stem 
of  the  thermometer  are  blacked  in,  the  compression  tube  is  drawn  in  outline,  and  the 
tube  and  bulb  for  the  })ui'e  liquid  hydrogen  is  represented  by  the  dotted  line. 

The  thermometer  bulb,  &c.,  was  enclosed  within  a  wide  glass  tube,  o,  75  millims.  in 
diameter  and  400  millims.  long.  This  tube  was  open  at  the  bottom  for  the  intro¬ 
duction  of  the  vacuum  vessel  containing  the  liquid  hydrogen,  and  at  the  top  was 
formed  into  a  neck  to  fit  the  rubber  stopper,  p.  Surrounding  this  tube  for  a 
considerable  part  of  its  lengtli  was  an  annular  zinc  vessel,  open  at  the  top,  which 
could  be  filled  with  liquid  air.  Tins  vessel  was  in  turn  surrounded  with  natural 
wool  enclosed  within  a  jacket  of  linoleum.  The  diameter  of  the  linoleum  jacket  was 
such  that  it  exactly  filled  the  space  between  the  vertical  wooden  supports  to  which 
the  mam  and  auxiliary  thermometers  were  fixed  (p.  141).  The  liquid-air  jacket  was 
not  essential  to  the  working  of  the  apparatus,  even  when  the  liquid  hydrogen  in  the 
vacuum  vessel  was  boiling  under  reduced  pressure  at  the  extremely  low  temperature 
of  14°  abs.  It  was  thought  tliat  by  using  it  an  economy  in  the  liquid  hydrogen 
would  be  effected,  but  it  is  impossible  to  determine  whether  this  was  actually  the 
case.  Wool  was  packed  into  the  top  of  the  tube,  o,  and  between  the  tubes  which 
projected  downwards  through  the  rubber  stopper,  to  shield  off  radiation  from 
above. 

The  vacuum  vessel  containing  the  liquid  was  inserted  from  the  lower  and  open  end 
of  the  tube,  o,  so  as  to  surround  the  thermometer  bulb,  and  Avas  kept  in  place  by  the 
arrangement  shoAvn  in  the  figure.  A  stoppei',  t,  made  of  boxAvood,  Avas  turned  on 
the  lathe  to  fit  the  open  end  of  the  tube,  o,  and  an  air-tight  junction  hetAveen 
the  tAvo  Avas  made  lyy  means  of  a  rubber  .sleeA'e,  n.  The  sleeArn  A\  as  fixed  permanently 
to  the  stopper,  and  the  upper  part  of  it  could  be  rolled  back,  and  then  slipped  OA*er 
the  tube,  o,  A\dien  the  stopper  was  in  position.  A  brass  tube,  r,  passing  through 
the  sto])])er,  could  be  connected  Avith  the  exhaust  pump  by  means  of  a  rubber 
connection  and  lead  tube;  as  the  brass  tube  Avas  soldered  to  a  heavy  brass  plate,  w, 
Avhich  Avas  screAved  to  the  outer  sindace  of  the  stopper,  it  neA’er  became  cold,  and 
a  good  iunction  Avith  the  rublter  tube  Avas  maintained  during  the  experiment.  It 
may  be  remarked  here  tliat  in  carrying  out  experiments  at  Ioav  temperatures,  it 
is  impossible  to  make  air-tiglit  junctions  hetAveen  frozen  rubber  and  metal  on  account 
of  the  greater  contraction  of  the  latter. 

The  Anicuum  vessel  was  su])})orted  oii  foui-  Avires,  pp  let  into  the  Avooden  stopper 
and  coA^ered  at  the  top  Avith  pads  of  cloth.  Wire  rings  Avere  soldered  to  them  at 
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intervals,  and  round  the  cage  so  formed  baize,  2,  was  wound  to  form  a  plug  a  little 
smaller  than  the  inner  diameter  of  the  tube,  0.  A  glass  tube,  y,  served  as  a 
continuation  of  the  tube,  -v,  and  the  space  between  y  and  s  was  packed  with  animal 
wool.  By  means  of  this  plug  the  vacuum  vessel  was  effectually  shielded  from 
radiation  from  below. 

The  method  of  tilling  the  thermometer  bulb  bas  already  been  dealt  with  in  a 
previous  section  of  the  work  (p.  117).  The  ice  point  of  the  thermometer  was  of  course 
determined  before  the  tube,  0,  was  placed  in  position. 


Before  commencing  an  experiment  with  liquid  hydrogen  a  vacuum  vessel  containii 


111' 


li(pud  air  was  first  introduced  into  the  tube,  0,  and  temporarily  held  in  position  by 
means  of  the  plug ;  in  this  manner  the  bullj  of  the  thermometer  was  cooled  down 
to  —  185°  C.  When  the  vessel  containing  the  liquid  air  was  again  lowered,  the  wool 
was  removed  from  the  mouth  of  the  vacuum  vessel  containing  tlie  hydrogen,  which 
was  brought  below  the  apparatus,  and  slowly  raised  into  position  by  means  of  the 
plug.  The  rubber  sleeve,  n,  was  then  turned  upwards  over  the  tube,  0,  and  secured 
in  position  by  means  of  a  piece  of  wire. 

I'lie  actual  measurement  of  the  vapour  pressure  was  made  in  the  same  manner  as 
has  been  described  in  the  case  of  oxygen  (p.  138).  One  observer  i-ead  the  pressures 
indicated  by  the  manometer  connected  with  the  tul)e,  m,  in  wliich  pure  hydrogen 
was  liquefied,  while  the  other  took  simultaneous  readings  of  the  main  thermometei-, 
of  the  auxiliary  thermometer,  and  of  the  temperature  of  the  dead  space.  So  steadily 
did  the  liydrogen  boil  under  nmanal  pressure  that  this  operation  could  he  carried  out 
without  the  least  difficulty.  It  is  noticeable  that  the  vapour  pressure  of  the  pure 
hydrogen  in  the  bulb,  m,  was  always  slightly  higher  than  the  barometric  pressure. 
This  is  to  ])e  attributed  to  tlie  ])rese]ice  (d‘  small  (piantities  of  i)iq)urities  dissolved  in 
the  main  (piantity  of  hydrogen  in  the  vacuum  vessel,  and  confirms  our  reasons  for 
ado})ting  this  method  of  measuring  the  va})Our  pressures. 

In  determining  the  vapour  pressure  of  ll((uid  hydrogen  at  lower  jiressure  we 
enqiloyed  the  following  method  :  The  tube,  v,  was  connected  by  a  short  rubber  tube 
to  a  Avide  lead  tube  Avhich  communicated  Avith  the  exhaust  puiu}),  with  a  large  glass 
glolie  300  millims.  in  diameter,  with  a  mercury  manometer,  and  Avith  a  fine  adjust¬ 
ment  sto})Cock,  through  Avhich  air  could  be  admitted  to  tlie  apparatus  and  the 
pressure  so  regulated. 

The  exhaust  was  maintained  by  means  of  a  large  tAvo-cylinder  ‘Fleuss’  pum]», 
Avorked  by  a  one  horse-poAver  electric  motor.  This  pump,  AA'hich  Avas  also  used 
in  connection  AAuth  the  apparatus  for  producing  liquid  hydrogen,  Avas  arranged  so 
that  the  Iavo  cylinders  could  be  worked  in  parallel  to  give  a  vacuum  of  50  millims.  of 
mercury,  or  in  series  to  give  a  A’acuum  of  less  than  1  millim.  of  mercury.  For  reasons 
AA’hich  Avill  lie  entered  into  presently  Ave  haAm  confined  our  measurements  to  pressure 
alioA'e  50  millims.  of  mercury.  By  opening  and  closing  the  fine  adjustment  cock,  so 
as  to  admit  more  or  less  air  into  the  appaiutus.  the  pressure  could  hi*  maintained 
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steady  for  a  length  of  time  amply  sufficient  for  the  equalisation  of  temperature 
thronghont  that  part  of  the  apparatus  which  was  enclosed  within  the  vacuum 
vessel. 


5.  Calculation  of  the  Results. 

The  method  of  calcxdating  the  temperatures  of  liquid  hydrogen  was  the  same  as 
has  been  described  in  Part  II.  of  this  work.  It  may  be  pointed  out  here  that,  at  very 
low  temperatures,  the  mass  of  gas  in  the  stem  of  the  thermometer  becomes  con¬ 
siderable,  while  the  mass  of  gas  in  the  dead  space  becomes  nearly  negligible.  Taking 
a  specific  case  : — 

Constant  for  thermometer . 44769 

Pressure  of  gas  in  thermometer . 55‘0  millims. 

Volume  of  l)ulli . 1 2  T  8  7 

,,  ,,  stem .  0'035 

,,  ,,  dead-space . 0'280 

TenqDerature  of  stem .  30°  abs. 

,,  ,,  dead-space .  288°  ,, 


The  equation  for  determining  the  temperature  T  now  becomes  : — 


44769  =  55’0 


^2T87 

T 


+ 


0-03.^  0-280] 

30  288  J  ’ 


where  the  second  term  within  the  bracket  is  equal  to  0'0012,  and  the  third  term  is 
less  than  O'OOl.  In  both  cases  tlie  correction  is  exceedlnglv  small. 

O  a 

In  calculating  the  volume  of  tiie  bulb,  the  coefficient  of  expansion  of  glass  between 
0°  and  253°  C.  was  taken  as  0 ’0000 19  for  the  followino-  reasons: — The  coefficient  of 

O 

expansion  between  0°  and  100°  C.  is  0-0000285,  between  0°  and  —  185°  it  is 
0-0000218  ;  on  extrapolation  one  obtains  the  value  which  we  have  taken  for  the 
coefficient.  The  following  values  for  the  volume  of  the  bulb  at  —  253  are  calculated 
for  dlffierent  coefficients  : — 


Coefficient. 

Volume. 

0-000019 

25-850 

0-000021 

25-837 

This  difference  of  volume  corresponds  to  a  difference  of  0-01  in  the  boiling-point  of 
hydrogen. 
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6,  The  Vapour  Pressures  of  Liquid  Hydrogen  on  the  Constant- Volume  Hydrogen 

Scale. 

(I.)  Thermometer  A  (12  cul).  centims.  bulb). 

Ice-Point  of  Thermometer,  May  7th,  1902. 


Pressm-e  on  gas 
in  thermometer. 

Temperatiu’e  of 
dead-space. 

Constant. 

Main  thermometer  .... 

minims. 

953-05 

°C. 

15-85 

43-679 

The  auxiliary  thermometer  was  already  filled  with  helium  (Part  II.,  §  11,  II.),  it 
was  not  refilled  with  hydrogen,  for  when  the  bulb  of  the  main  thermometer  was 
cooled  in  liquid  hydrogen  boiling  under  reduced  pressure,  hydrogen  might  condense 
in  the  bottom  of  the  bulb  of  the  auxiliary  thermometer. 


Vapour  Pressures  of  Liquid  Hydrogen. 

May  28th,  1902. 


Pressm-e  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Temperature 
of  stem. 

Vapour  pressures 
of  hydrogen. 

Temperature 

i 

Found.  Calculated. 

1 

unilims. 

°  C. 

°  He.  scale. 

millims. 

°  n.  scale. 

°  H.  scale. 

72-04 

18-3 

40 

757-2 

20-17 

20-21 

66-35 

18-6 

51 

458-6 

18-57 

18-56 

62-40 

18-6 

50 

309-0 

17-45 

17-44 

62-80 

18-6 

45 

321-8 

17-56 

17-55 

58  -  40 

18-8 

56 

198-0 

16-33 

16-35 

(II.)  Thermometer  B  (26  cub.  centims.  biilli). 

Ice-Point  of  Thermometer,  June  4th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

millims. 

°C. 

Main  thermometer  .... 

952  -  55 

17-55 

91-9.30 

Auxiliary  thermometer. 

954 

17-55 

8-093 

Y  2 
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V^apour  Pres3nre.s  of  Liquid  Hydrogen, 

June  4th,  1902. 


Pressure  on  gas 

Temperature  of 

Temperature 

Vajjour  pressures 
of 

liquid  hydrogen. 

Temperature 

in  thermometer. 

dead-space. 

of  stem. 

Found. 

Calculated. 

milliins. 

71-8.3 

71-83 

“  u. 

18-1 

18-2 

°  ir,  scale. 

27 

29 

inillims. 

76G-6  1 

766-6  J 

II.  scale. 

20 -2S 

°  II.  scale. 

20  -  25 

For  the  vapour  pres, sure  of  liquid  oxygen  on  this  thermometer,  see  Part  II., 
10  (III.). 


7.  The  Vapour  Pressures  of  Liquid  Hydrogen  on  the  Constant-Volume 

Helium  Scale. 

(I.)  Thermometer  A  (12  cub.  centims.  built).  For  preparation  of  helium  (fraction  1), 

see  pp.  172,  174. 


Ice-Point  of  Thermometer,  April  17th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

inillims. 

°  C. 

Main  thermometer  .... 

976-42 

16-0 

44-760 

Auxiliary  thermometer . 

996-5 

18-9 

7*73 
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Vapour  Pressures  of  Liquid  Hydrogen. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-spac-e. 

Temperature 
of  stem. 

Vapour  pressure 
of 

liquid  hydrogen. 

Tempt 

Found. 

irature 

Calculated. 

niillims. 

■’C. 

°  He.  seale. 

inillims. 

°  He.  scale. 

°  He.  scale. 

April  18th,  1902. 

74-83 

15-5 

31 

765-0 

20-42 

20-44 

72-09 

15-2 

29 

604-1 

19-70 

19-63 

72-04 

14-9 

28 

606-6 

19-69 

19-61 

67-26 

14-6 

26 

390-5 

18-38 

18-28 

o5  -  98 

14-3 

21 

100-0 

15-29 

15-14 

55  -  48 

14-0 

25 

98-0 

15-15 

15-10 

55-43 

13-7 

25 

97-5 

15-1  1 

1 5  -  09 

May  1st,  190 

74-75 

15-6 

41 

759  -  2 

20-41 

20-41 

68-70 

15-3 

33 

449-0 

18-76 

18-70 

55  -  20 

15-2 

27 

96-8 

15-07 

15-08 

55-30 

15-2 

27 

75-8 

14-55 

14  67 

52-90 

15-1 

27 

69-4 

14-44 

— 

52  -  20 

15-1 

27 

62-0 

14-25 

14-38 

55-05 

14-8 

35 

95  -  3 

15-01 

15-06 

51-30 

14-7 

31 

55-2 

14-00 

14-22 

55-00 

14-7 

91 

95  -  6 

15-01 

15-05 

51-90 

15-0 

29 

59-2 

14-16 

14-32 

For  measurement  of  vapour  pressures  of  liquid  oxygen  with  this  thermometer, 
see  Part  IT.,  11  (II.). 


(II.)  Thermometer  B  (26  cub.  centlms.  bulb).  Helium  purified  ])y  passing  tlirough  a 

coil  cooled  to  15°’5  abs.  (see  p.  174). 

Ice-Point  of  Thermometer,  June  4th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

minims. 

°  C. 

Main  thermometer  .... 

939-95 

17-35 

90-516 

Auxiliar}'  thermometer . 

954-0 

17-35 

8-093 
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June  13th,  1902. 


Vapour  Pressures  of  Liquid  Hydrogen. 


Pressure  on  gas 

Temjjerature  of 

Temperature 

Vapour  pressures 

nf 

Temperattu’e 

in  thermometer. 

dead-space. 

of  stem. 

liquid  hydrogen. 

Found.  Calcidated. 

i 

inilliuis. 

°C. 

°He. 

milliuis. 

1 

°  He.  °  He. 

71-45 

20-0 

58 

770-0 

20-43  20-46 

This  result  is  the  mean  of  two  consecutive  observations,  which  were  nearly  identical. 
The  quantity  of  pure  liquid  hydrogen  in  the  vapour  pressure  bull)  (m,  tig.  l)  was 
increased  between  the  two  readings. 

For  the  measurements  of  the  vapour  pressure  of  liquid  oxygen  with  this 
thermometer,  see  Part  IT,  11  (IIP). 


III.  Thermometer  C  (26 7  cub.  centims.  bulb).  The  thermometer  was  tilled  with 
helium  from  the  same  sam])le  as  was  used  in  the  last  series  of  exj^jeriments. 


Ice-Point  of  Thermometer,  June  11th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Constant. 

milliuis. 

°  C. 

Wain  thermometer  .... 

924-25 

16-9 

91-505 

Au.xiliary  thermometer.  .  . 

954-0 

17-3 

8-093 
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Vapour  Pressures  of  Liquid  Hydrogen. 

June  12th,  1902. 


Pressure  on  gas 
in  thermometer. 

Temperature  of 
dead-space. 

Temperature 
of  stem. 

Vapour  pressures 
of 

liquid  hydrogen. 

Temperature 

Found. 

Calculated. 

1 

niillim.s. 

^  C. 

°He. 

iTiillims. 

°He. 

°IIe. 

*69-79 

15-4 

28 

749-0 

20-36 

20-36 

155 • 45 

16-1 

26 

169-2 

16-17 

16-19 

t51  -70 

16-3 

25 

96-2 

15-08 

15-07 

t50 • 95 

16-4 

24 

83-0 

14-86 

14-82 

150-80 

16-6 

26 

80-2 

14-81 

14-76 

150-55 

16-6 

30 

76-3 

14-74 

14-70 

53  -  70 

16-4 

33 

129-8 

15-65 

15-63 

For  the  measurement  of  the  vapour  pressures  of  liquid  oxygen  ^vith  this 
thermometer,  see  Part  11. ,  11  (IV.). 


8.  Treatment  of  the  Resvlts. — Their  Prohahle  Accuracij. 

As  we  shall  presently  find,  the  melting  point  of  hydrogen  is  14‘1  on  the  helium 
scale,  and  consequently  the  whole  of  the  observations  recorded  in  the  foregoing  tables 
refer  to  liquid  hydrogen  only.  As  in  the  case  of  liquid  oxygen  (Part  II.,  p.  151),  the 
experimental  results  were  smoothed  by  the  method  of  Pamsay  and  Youxg,  and  the 
vapour-pressure  curves  for  liquid  hydrogen  on  the  scales  of  the  hydrogen  and  helium 
thermometers  were  plotted  on  a  diagram  as  in  Plate  1.  The  last  columns  of  the 
preceding  tables  contain  the  temperatures  read  off  the  curves  at  points  corresponding 
to  the  observed  pressures. 

It  will  be  observed  that  at  pressures  near  760  millims.  the  polTits  representing 
actual  observation  He  either  on,  or  very  close  to,  the  ciu  ve.  Of  these  points  there 
are  four  on  the  curve  ie})resenting  the  vapour  pressures  on  the  helium  scale,  obtained 
by  means  of  three  separate  thermometers  ;  there  are  two  similar  points  on  the  curve 
representing  the  vapour  pressures  on  the  hydrogen  scale,  the  results  of  observations 
with  two  different  thermometers.  We  can  therefore  consider  that  the  boiling-point 
of  liquid  hydrogen,  which  is  20°'22  on  the  hydrogen  scale  and  20°‘41  on  the  helium 
scale,  has  been  determined  with  a  high  degree  of  accuracy. 

*  The  mean  of  two  nearly  coincident  observations. 

t  In  these  observations  the  vapour  pressures  of  hydrogen  were  measured  on  two  manometers,  connected 
with  two  bulbs  containing  pure  liquid  hydrogen,  and  immersed  in  the  vacuum  vessel  surrounding  the 
thermometer  bulb  to  the  depth  of  the  top  and  the  bottom  of  the  latter  respectively.  The  two  sets  of 
readings,  of  which  the  mean  is  given  above,  did  not  differ  by  more  than  1  millim.,  indicating  that  the 
temperature  of  the  thermometer  bulb  was  uniform. 
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The  following  table  shows  the  order  of  the  agreement  between  the  measurements 
of  temperatures  near  the  boiling-point. 


Hydrogen  Scale. 


Thermometer. 

1 

Observed  vapour 
pressures. 

Observed  temperature. 

Temperature 
from  smoothed  cui’A-es. 

o 

o 

A 

757 -2 

20-17 

20-21 

B 

766-6 

20-28 

20-2.5 

Helium  Scale. 


Thermometer. 

Observed  A-apour 
pressures. 

ObserA'ed  temperature. 

Temperature 
from  smoothed  curA'es. 

millims. 

o 

o 

A 

765-0 

20-12 

20-41 

R 

759-2 

20-11 

20-41 

c 

770-0 

20-13 

20-45 

D 

7-19-0 

20  -  36 

20 -.36 

With  regal’d  to  the  measurements  at  lower  pressures,  the  greatest  difference 
between  the  observed  and  calculated  temperatures  in  the  tirst  series  of  measurements 
with  the  helium  tliermometer  exceeds  Od .  These  errors  can  lie  accounted  for  by 
supposing  that  when  the  liquid  liydrogen  surrounding  the  thermometer  bub)  was 
made  to  l)oil  under  reduced  pressure,  the  observations  Avere  made  l)efore  the  tempera¬ 
ture  of  the  tliermometer  bull),  and  of  the  bull)  containing  tlie  })ure  liquetied  hydrogen, 
had  Ijecome  steady. 

At  pressures  beloAv  200  millims.  it  ap2)eared  to  be  much  more  easy  to  maintain 
a  steady  temperature  than  at  intermediate  pressures.  In  the  last  series  of  measure¬ 
ments,  as  has  already  been  stated,  tAvo  bulbs  containing  pure  liquid  hydrogen  and 
connected  Avith  tAvo  manometers,  Avere  immersed  at  different  leA-els  in  the  A'acuum 
vessel  containing  the  liquid  hydrogen  surrounding  the  thermometer  bulb,  to  the 
depth  of  the  top  and  of  the  bottom  of  the  thermometer  bulb  respectiA*ely.  The 
pressures  indicated  by  the  manometers  Avere  read  simultaneously  and  Avere  neA'er  found 
to  differ  by  more  than  1  millim.,  proving  that  the  temperature  of  the  thermometer 
bulb  Avas  practically  uniform. 

In  concluding  these  remarks  on  the  accuracy  of  the  results,  it  may  be  Avell  to  point 
out  that  the  expression  of  differences  of  temperatures  in  degrees,  particularly  at  Ioav  tem- 
])eratures,  in  degrees,  is  somewhat  a])t  to  lead  to  a  lalse  conclusion.  In  dealing  Avith 
the  thermodynamic  cycle,  on  w  Inch  our  idea  of  an  absolute  scale  of  temperature  is 
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based,  difterences  of  temperature  can  only  l^e  expressed  as  fractions  of  the  al^solute 
teinperatnre  at  which  the  processes  in  the  cycle  are  performed.  The  accuracy  of 
a  thermometric  measurement  sliould  then  l^e  as  expressed  not  as  AT  but  as  AT/T  ; 
this  leads  us  to  the  conclusion  that  an  error  of  0°-01  at  the  boiling-point  of  hydrogen 
is  equivalent  to  an  error  of  0°'15  at  the  normal  temperature. 


i).  The  Vapour  Pressures  of  Liquid  Hydrogen. 


Pressiu’es  in  millimetres 
of  mercury. 

Temperatures  on  the 
hydrogen  scale. 

Temperatiu’es  on  the 
helium  scale. 

1 

800 

20°  41 

i 

20-60 

790 

20  •  36 

20  -  55  1 

780 

20-32 

20-51 

770 

20-27 

20-46 

760 

20-22 

20-41 

750 

20-17 

20  -  36  i 

740 

20-13 

20-31 

7.30 

20-08 

20-26 

720 

20-03 

20-21  ; 

710 

19-98 

20-16 

700 

19-93 

20-12 

650 

19-68 

19-87 

600 

19-41 

19-61 

550 

19-13 

19-33 

500 

18-82 

19-03 

450 

18-50 

18-70 

400 

18-15 

18-35 

350 

17-78 

17-98 

300 

17-36 

17-57 

250 

16-90 

17-11 

200 

16-37 

16-58 

150 

15-74 

15-95 

100 

14-93 

15-14 

50 

— 

14-11 

10.  Discussions  of  the  Results. 

As  has  already  Iteen  pointed  out  in  Part  II.  of  this  research,  the  temperatures 
measured  on  the  scale  of  the  two  thermometers  differ  by  Off  at  the  temperature 
of  lic|uid  oxygen.  It  is  not,  therefore,  surprising  to  find  that  at  the  temperatures 
of  liquid  hydrogen  the  two  scales  differ  to  an  even  greater  extent.  A  glance  at  the 
vapour-pressure  curves  of  liquid  hydrogen  on  the  helium  and  hydrogen  scales  will 
show  that  the  temperatures  on  the  helium  scale  lie  almost  exactly  0‘20  above  those 
on  the  hydrogen  scale.  Such  a  difference  was,  as  we  have  already  pointed  out,  to  he 
expected  (Part  II.,  p.  152),  hut  in  the  present  state  of  our  knowledge  of  the 
properties  of  these  gases  at  low  temperatures  further  discussion  of  these  results  is 
impossible. 

VOL.  cc. — A. 
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Appendix  I. — 0)i  the  Melting-Point  of  Hydrogen. 

Dewar  (‘  Doy.  Soc.  Proc.,’  1891,  vol.  G8,  p.  360)  states  that  the  melting-point  ot 
hydrogen  on  the  helium  scale  is  16°.  The  method  Iw  wliich  the  measurement  was 
made  luis  not  been  recorded  ;  lie  had  previously  given  the  melting  pressure  as 
55  mdlims,  (see  ]>.  106).  Our  experiments  of  the  vapour  pressures  of  hydrogen 

appeared  to  indicate  that  the  melting-point  lay  eonsiderahly 
lielow  the  temperature  given  hy  Dewar,  for  not  only  did 
the  numerical  results  hear  evidence  that  at  temjDeratures  close 
to  14°  we  were  still  dealing  with  liquid,  hut  when  after  main¬ 
taining  a  pressure  of  55  millims.  in  the  apparatus  for  some  time 
the  Amcuum  vessel  was  found  to  contain  liquid  only.  We 
therefore  decided  to  carry  out  a  separate  experiment  with  a  view 
to  determining  the  exact  melting-point. 

The  apparatus  employed  in  this  experiment  is  .shown  in  fig.  2. 
The  tube  a,  which  was  6  millims.  in  diameter,  and  150  millims. 
long  below  tlie  side  tube  h,  passed  through  the  rubber  stopper  p 
of  the  apparatus  shown  in  fig.  1,  so  that  the  lower  end  of  it  la}" 
at  the  level  of  the  middle  of  the  thermometer  ludb.  The  tube  a 
contained  a  very  thin  glass  rod,  c,  bent  at  its  lower  end  into  a 
hook,  and  joined  at  the  top  to  a  piece  of  soft  iron  wire  wound 
into  a  solid  spiral,  d.  Round  the  tube  a  above  the  side  tube 

a  coil  of  insulated  wire  was  wound  forming  a  solenoid  ;  by 

passing  a  current  through  the  coil,  the  rod  c  with  its  iron  head 
d  could  he  given  a  vertical  motion  of  about  3  millims. 

The  side  tube  h  communicated  with  a  mercury  reservoir  con¬ 
taining  pure  hydrogen  from  palladium,  with  a  manometer  of 
the  type  described  in  Part  II.  (fig.  2),  and  through  a  stop¬ 
cock  with  the  mercury  jmmp. 

In  carrying  out  the  experiment  the  lower  j^art  of  the  tube  a  and  the  thermometer 

bulb  were  cooled  in  licjuid  hydrogen  boiling  under  reduced  pressure  in  the  manner 

described  on  p.  160,  and  about  100  cub.  centims.  of  gaseous  hydrogen  was  allowed  to 
enter  and  liquefy  in  it.  At  all  temperatures  down  to  14°'2,  which  corresponded  to  the 
lowest  pressure  which  we  were  able  to  obtain  under  the  conditions  of  the  experiment, 
the  hydrogen  appeared  to  remain  liquid,  for,  on  passing  the  current  through  the 
solenoid,  the  piece  of  iron  d  was  seen  to  move  iq^wards. 

Maintaining  the  temperature  outside  a  at  from  14°‘2  to  14°‘8,  the  stop-cock 
connecting  the  side  tube  h  with  the  mercury  pump  was  opened  for  a  moment.  The 
]n’ossure  in  the  ajiparatus  immediately  fell  to  49  millims.,  and  remained  steady  there 
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'svliile  the  stop-cock  was  open ;  on  passing  the  current  through  the  solenoid  the  piece 
of  iron  d  did  not  move,  indicating  that  its  lower  end  was  embedded  in  solid  hydrogen. 
The  stop-cock  leading  to  the  pump  was  then  closed,  and  wlien  the  hydrogen  in  the 
tube  a  had  melted  it  was  again  023ened  and  the  melting  pressure  was  again 
determined.  This  operation  was  rej^eated  several  times ;  the  melting  pressure  was 
invariably  found  to  be  49  or  50  millims.  This  pressure  corresponds  to  a  temperature 
of  14°T  on  the  helium  scale,  which  is  the  melting-point  of  hydrogen. 


Appendix  II. — Xote  on  ihe  P reporation  of  Pure  Hydrogen. 

It  is  obvious  that  the  simplest  method  for  the  preparation  of  pure  dry  hydrogen 
would  be  to  liquefy  some  of  the  gas  in  a  bulb  immersed  in  liquid  hydrogen  and  allow 
the  gas  to  evajiorate  directly  into  the  apparatus  which  it  is  intended  to  fill.  At  the 
tenqierature  of  liquid  hydrogen  all  possible  impurities  would  be  practically  non¬ 
volatile,  and  the  gas  would  not  require  further  purification. 

The  hydrogen  employed  in  these  researches  was  obtained  by  the  action  of  dilute 
suljihuric  acid  on  pure  platinised  zinc.  The  gas  was  passed  through  a  solution  of 
potassium  permanganate,  and  through  a  tube  containing  pentoxide  of  phosjihorus 
into  a  tube  fitted  with  a  stop-cock  coutaining  pieces  of  palladium  sponge.  When  the 
palladium  was  saturated,  the  stop- cock  was  closed  and  the  tube  connected  with  it 
was  sealed  to  the  appaintus  for  filling  the  thermometer.  The  gas  from  the  palladium 
tube  passed  through  a  tube,  about  40  centims.  long,  containing  pentoxide  of 
phosphorus,  through  a  large  bulb  filled  with  glass  beads  and  immersed  in  liquid  air, 
to  the  inlet  tube  of  the  thermometer.  The  apparatus  also  communicated  througli  a 
stop-cock  with  the  mercury  punqi  and  with  a  mercury  manometer.  Before  filling  the 
thermometer  the  vliole  apparatus  was  exhausted  and  a  considerable  quantity  of 
hydrogen  alhjwed  to  escape  from  the  palladiimi.  The  actual  operations  involved  in 
filling  the  thermometer  have  already  been  described  (p.  117) ;  it  is  only  necessary  to 
state  here  that  every  precaution  was  taken  to  avoid  contamination  of  the  gas  by 
moisture  or  by  other  impurities. 


Appendix  III. — Note  on  the  Preparation  of  Pure  Helium. 

As  has  been  jioiided  out  by  one  of  us  (Travers,  ‘  The  Experimental  Study  of 
Gases’),  the  constant-^■olume  helium  thermometer  furnishes  the  only  reliable  means 
of  measuring  low  tenqieratures.  For  the  purpose  of  measuring  the  temperature  of 
liquid  hydrogen  Ijoiling  under  reduced  j)ressure,  it  is  of  particular  importance  that 
tlie  helium  should  be  free  not  only  from  argon,  but  even  from  neon ;  for  as  that 
element  has  a  vapour  pressure  of  12 ‘8  juillims.  of  mercury  at  the  boiling-point  of 
liquid  hydj'ogen,  and  2'4  millims.  at  15°'65  abs.,  its  vapour  pressure  at  14°  abs.  would 
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probably  be  less  than  1  niilliin.  of  iiierciuy,  and  consequently  a  very  small  quantitv 
(.)f  this  impurity  would  be  sufficient  to  vitiate  the  results. 

As  it  is  obviously  impossible  to  separate  neon  completely  from  helium  by  cooling 
the  gas  to  the  temperature  of  liquid  hydrogen,  it  is  necessary  to  employ  .helium 
Avliich  is  initially  as  free  from  that  gas  as  is  possible.  Dewau  {loc.  cit.,  p.  155)  bas 
employed  the  gas  from  the  Bath  s})rings  as  a  source  of  helium,  but,  as  bis  own 
investigations  show  tliat  the  resulting  helium  contains  7  "4  per  cent,  of  Jieon,  it  is 
unsuitable  for  thermometric  purposes,  ]>articularly  for  the  measui-ement  of  the 
temperature,  which  can  be  obtained  by  boiling  hydrogen  under  reduced  pressure. 

Some  years  ago  it  Avas  shoAvn  (Hamsay  and  Ti;aa'p:k.s,  ‘  Roy.  Soc.  Proc.,’  a  oL  GU, 
p.  206)  that  l)y  subjecting  tlie  gas  from  the  mineral  cleAeite  to  the  ]n-ocess  of  frac¬ 
tional  diffusion,  it  A\ms  jAossible  to  separate  fronr  it  a  small  quantity  of  argon  and  to 
reduce  the  density  of  the  lighter  fractloji  to  POH  (O  =  IG).  Later  it  AA'as  found  by 
one  of  us,  though  the  experiment  has  not  been  recorded,  that  Avhen  the  gas  from 
cleA’eite  Avas  passed  through  liquid  oxygen,  cooled  to  —  210°  C.  in  a  bulb  immersed  in 
liquid  air  boiling  under  reduced  pressure,  a  small  (juantity  of  argon  aaas  reniOA'ed 
fi'(_)m  the  gas,  but  ap])arently  no  neon.  For  this  reason  cleA’elte  gas  appeared  to  be 
the  iiKAst  suitable  source  for  obtaining  ])ure  helium.  The  light  helium  olhained  by 
the  diffusion  experiments  Avas  emplojmd  in  these  researches ;  it  Avas  puritied  by 
])assing  it  at  the  normal  pressure  through  a  coll  Immersed  in  li(pud  liydrogen. 

The  apparatus  enq)loyed  aauII  uoaa’  be  descrilied. 

The  gas,  of  AAdiich  aa'o  had  about  180  cub.  cei it  1ms.,  AA’as  introduced  through  the 
syphon  (tig.  8),  into  the  gas-liolder  A,  Avhlch  contained  mercury.  The  gas-holder 
was  connected  Iia’  a  ridjbei'  tube  Avltb  a  mercui’A’  resei’A’oir  not  shoAA’n  in  the  fimire. 

t/  t.  C 

and  in  order  to  eliminate  any  risk  ot  air  entering  the  gas-holder  through  leakage  of 
the  rublier  tube,  the  connection  AA’as  made  through  a  trap,  I).  Tlie  gas-holder 
communicated  through  the  t\A  o-Avay  stop-cock,  B,  A\’ith  the  syphon  for  Introducing  the 
gas,  and  AA'ith  the  refrigerating  coil  (  ’,  AA’hich  led  through  a  second  stop-cock,  B,  to  a 
second  mis-lmlder  similar  to  the  lirst.  The  coll  communicated  with  the  mercui'A' 
pump  through  the  stop-cock  E. 

After  thoroughly  exhausting  the  coil,  the  stop-cock  E  was  closed,  and  the  gas 
admitted  to  it.  A  A’acuum  A’essel  containing  about  300  cub.  ceutims.  of  liquid 
liydrogen,  surrounded  Ijy  a.  larger  A’essel  containing  llcpilil  air,  A\’as  brought  beloAv  the 
coil  and  raised  till  the  latter  Avas  thoroughly  Immersed  in  the  liquid.  The  stop-cocks 
B,  and  B,  AA’ere  then  carefully  opened,  and  by  adjusting  the  leA’el  of  the  mercury 
I'eservoir  connected  AA'ith  the  gas-holders,  the  gas  aaiis  passed  three  times  backAA’ard 
and  foi’AAaird  through  the  coil.  When  the  AA’hole  of  the  gas  had  returned  to  the  first 
•gas-holder,  the  stop-cocks  AA’ere  closed.  The  gas  in  the  gas-holder  AA'e  called  fraction  1. 

About  100  cub.  ceutims.  of  the  orio-inal  nas,  measured  under  m)rmal  conditions, 
still  remained  in  the  ca>11,  for  at  the  boiling-point  of  liquid  liydrogen  a  gas  occupies  only 
about  1/15  of  the  A’olume  AA  hlch  it  fills  at  the  normal  temperature.  On  opening  the 
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stop-cock  P]  for  a  moment,  about  70  cub.  centims.  of  the  gas  passed  into  the  jjump. 
P’bis  fraction  (2)  was  probably  as  pure  as  fraction  1,  for  the  additional  cooling  produced 
by  its  sudden  expansion  would  compensate  for  the  tendency  of  any  light  impurity 
to  eya])orate  :  it  u’as,  howe^'er,  kept  sepaiute  (fraction  2). 

AYheii  fraction  2  liad  l)een  pumped  otf  and  collected,  the  stop-cock  E  was  again 
opened,  and  the  remaining  volatile  gas  Avas  pumped  off  and  collected.  It  formed 
fraction  2,  and  consisted  of  about  25  cub.  centims.  of  gas.  Finally  the  liquid 
hydrogen  was  removed,  and  the  residue  in  tlie  coil,  Avhicli  volatilised  and  ^Jassed  into 
the  })um]),  was  collected  as  fraction  4. 

Fraction  4  was  found  to  consist  largely  of  nitrogen,  Avhich  had  jDrobably  entered 
the  tube  in  Avhich  the  gas  had  been  stored  since  1898  at  the  time  it  Avas  last 
handled.  This  gas  aavis  sparked  AAutli  oxygen  ovei'  lAotash  for  some  houis,  and  after 
remoAud  of  tlie  excess  of  oxygen  about  O'o  cub.  "ventini.  of  gas  AA'as  left;  it  AA'as 
found  on  spectroscopic  examination  to  consist  of  argon  and  krypton  only,  shoAA'ing  tlie 
spectrum  of  the  latter  AA'ith  brilliancy. 

The  fact  that  cleA'eite  helium  yields  krypton  indicates  that  that  gas  must  be  present 
ill  the  original  mineral.  As  krypton  is  present  in  air  to  an  extent  not  greater  than 
I  part  in  1,000,000,  the  presence  of  that  gas  in  the  helium  could  not  possibly  be  due 
to  leakage  of  air  into  the  apparatus.  The  quantity  of  kryjkon,  like  mercury  A  apour, 
AA  liich  is  necessary  to  giA’e  a  brilliant  specti’um  in  presence  of  argon,  is  exceedingly 
small,  and  possibly  the  total  quantity  of  kiypton  in  the  gas  might  not  exceed 
O'Ol  cub.  centim.,  or  0‘005  per  cent,  on  the  original  helium.  It  is  interesting  to 
note  that  AA’hen  Olszeavski  attempted  to  liquefy  helium  by  compressing  it  at 
—  210°  C.,  and  alloAving  it  to  expand  (‘  Nature  ’  1896,  Ami.  62,  p.  244),  a  small  quantity 
of  a  AA’hite  substance  separated.  It  is  intended  on  another  occasion  to  inAmstigate 
tlie  lieaA'v  fraction  of  gas  obtained  in  1898  bv  tlie  diffusion  of  helium. 

Tlie  tirst  fraction  of  gas,  aaTucIi  we  called  fraction  1,  aavis  used  in  the  first  series  of 
measurements  of  the  boiling-point  and  A'apour  pressures  of  liquid  hydrogen  doAAm  to 
15°‘5  abs.  ITrictions  1  and  2  AAmre  subsequently  mixed  and  passed  a  second  time 
through  a  coil  immersed  in  liquid  hydrogen  directly  into  the  large  constant-A'olume 
thermometer  for  the  measurement  of  the  pressure  coethcient  (p.  129),  AAdiich  AA’as 
tound  to  be  0t)0366255. 

For  the  second  series  of  measurements  of  the  A’apour  pressures  of  liquid  hydrogen 
the  helium  Aias  further  purified  by  passing  it  through  a  coil  immersed  in  liquid 
liydrogen  boiling  under  reduced  pressure.  For  this  purpose  the  coil  c,  through 
Avhich  the  helium  Avas  jiassed  (fig.  3),  AA’as  enclosed  AA’ithin  an  apparatus  similar  to 
that  employed  in  determining  the  A’apour  jire.ssure  of  hydrogen.  The  arrangement 
which  is  shoAA’n  in  fig.  4  requires  little  description.  'The  \  acuuni  A'essel  containing  the 
liquid  hydrogen  aahs  introduced  from  beloAA’  into  the  AA’ide  (p.  160)  tidie  so  as  to 
sui'rouiid  the  coil  and  the  hnlb  A\  hich  contained  the  pure  hydrogen,  and  \A  as  connected 
w  ith  a  manometer  hy  A\  hich  the  A’apour  pressure  on  the  pure  liA'drogen,  and  from  this 
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the  temperature  of  the  coil  could  be  determined.  By  means  of  the  exhaust  pump  the 
temperature  of  the  liquid  hydrogen  was  rediiced  to  110  millims.  of  mercury,  corre¬ 
sponding  to  a  temperature  of  15°’3  airs. 

Helium  was  then  allowed  to  fill  the  coil  at 
normal  pressure,  and  hy  ojoening  the  stop-cock 
the  gas  was  slowly  admitted  into  the  ther¬ 
mometers,  whicli  had  previously  lieen  ex¬ 
hausted,''^ 


AimEXDix  IV. — Note  on  the  Vapour 
Pressures  of  Solid  Neon. 

The  following  experiments  are  of  interest 
both  rvith  regard  to  their  ajjplication  to  the 
preparation  of  pure  helium  and  to  the  light 
they  throw  on  the  homogeneity  of  neon. 

In  the  first  experiment  the  neon  was  con¬ 
densed  in  a  fractionating  hulh  (Bamsay  and 
Travers,  ‘Phil.  Trans.,’  1901,  vol.  197,  A, 
p.  51)  which  was  connected  with  a  manometer 
reading  pressures  below  100  millims.  of  mercury 
and,  through  a  stop-cock,  with  a  mercury 
pump.  About  20  cub.  centims.  of  neon  were 
Introduced  into  the  hulh  and  condensed  hy 
cooling  it  hy  means  of  liquid  hydrogen,  boiling 
under  the  normal  pressure  (20°'4  on  the  helium 
scale).  The  vapour  observed  hy 

means  of  the  manometer  was  12 ’8  millims.  of 
mercury.  On  ojjening  the  sto2)-cock,  and 
allowing  some  of  the  neon  to  evaporate  into 
the  2)umj),  the  joressure  fell  momentarily,  Imt 
on  closing  it  the  pressure  again  rose  to  12 '8 
millims.  The  operation  was  repeated  several 
times  with  the  same  result,  jjroving  that  neon 

is  a  homogeneous  sul)stance.  On  removing  the  vacuum  vessel  containing  the  liquid 
hydrogen,  a  small  quantity  of  solid  neon  Avas  seen  in  the  fractionating  Indh. 


Eig. 


*  Note,  Jahj  19//?,  1902. — After  filling  the  thermometer,  the  greater  portion  of  the  gas  contained  in  the 
coil,  which  was  maintained  at  lo^'S  ahs.,  was  allowed  to  escape  into  the  mercury  pump,  Iw  opening  the 
stop-cock  communicating  AAuth  it  for  a  few  seconds.  When  this  gas  had  been  pumjred  off,  the  stop-cock 
Acas  again  opened,  and  the  remaining  gas  rvas  collected  separateljn  The  last  fraction,  which  consisted  of 
about  10  cul).  centims.,  Avas  examined  spectroscopically,  but  it  appeared  to  contain  no  trace  of  neon. 
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Tn  the  second  exjieriment,  the  neouAvas  Introdnced  into  the  1jnll)7nof  the  apparatus 


employed  in  determining  the  v’apoiir  pressure  of  licpiid  hydrogen  (fig.  1).  At  a 
temperature  of  15°’05  (helium  scale),  tlie  vapour  pressure  of  the  neon  was  2‘4  millims. 
of  mercury. 


Appenpix  V. — On  the  Frohahle  Values  of  the  Critical  and  Boiling-Points  of 
IJeliurn,  and.  on  an  Attempt  to  Liquefij  that  Gas. 


As  tlie  foregoing  results  show,  lielium  hehaves  at  low  temperature  as  a  more  perfect 
gas  tlian  iiydrogen,  and  even  if  no  further  data  were  forthcoming,  one  would  exjoect 
to  find  that  its  critical  and  l)oiling-points  were  lower  than  those  of  the  latter  gas. 
This,  as  we  shall  presently  show,  receives  further  confirmation  from  theoretical 
considerations  and  from  experimental  results. 

In  1892,  Olszewski  {loc.  cit.,  }).  174)  showed  that  when  helium,  under  a  pressure 
of  80  atmos])heres,  was  cooled  to  —  210°  0.,  and  suddenly  allowed  to  exjiand  till  the 
pressure  fell  t(^  that  of  the  atmosphere,  no  mist  was  seen  in  the  compression  tube. 
More  recently  (Mloy.  Soc.  Proc,,’  1901,  vol.  G8,  p.  3G0)  Dewar  performed  a  similar 
experiment,  cooling  the  compression  tube  in  liydrogen  reduced  to  its  freezing-point. 
He  did  not,  however,  succeed  in  liquefying  the  gas,  which  he  believed  to  have  been 
cooled  to  9°  or  10°  absolute,  the  temperature  which  he  assigns  to  the  upper  limiting 
value  of  its  critical  point. 

I'hough  by  compressing  any  gas,  and  subsecpiently  allowing  it  to  expand  adiabatically, 
tlie  relationship  l)etween  the  initial  and  final  pressures  p,  p'  and  the  initial  and  final 
temj)eratures  T,  T'  can  he  found  hy  tlie  equation 


wlien  h  is  the  ratio  of  the  sjiecific  heats  for  tin*  gas,  this  eipiation  may  not  be 
applicable  to  the  case  in  w  hich  a  gas  is  compressed  into  a  ca}nllary  tube  and  then 
allow*ed  to  exjmnd,  the  thermal  capacity  of  the  gas  being  then  very  small  compared 
wo'th  that  of  the  walls  of  the  containino;  tube. 

O 


It  occurred  to  us  that  if  we  could  cool  a  few  centimetres  of  a  compression-tube 


containing  helium  down  to  a  temperature  below  the  critical  point  of  the  gas,  then,  on 
compressing  the  gas,  its  volume  would  decrease  and  the  pressure  would  rise  till  the 
'\aapour  pressure  of  helium  corresponding  to  that  particular  temperature  Avas  reached. 
It  shmdd  then  be  possible,  siqiposing  the  gas  to  be  homogeneous,  to  decrease  the 
volume  of  the  helium  without  increasing  the  pressure,  as  a  change  in  the  volume  of 
tlie  gas  Mvndd  iuiply  licpielaction  in  the  cooled  jiortion  of  the  t\d)e.  Before  describing 
our  experiments  aao*  Avill  first  deal  Avith  the  probalile  A^alue  of  the  critical  and  boiling- 
points  of  helium. 


ON  THP]  MEASUKE.MENT  OF  TEMPERATURE. 


177 


Of  the  five  gases,  helium,  neon,  argon,  krypton,  and  xenon,  the  vapour  pressures 
and  critical  constants  of  the  last  three  only  have  been  determined.  They  are  as 
follows  (Ramsay  and  Travers.  ‘Phil.  Trans.,’  A,  1901,  vol.  197,  p.  47). 


Atomic  iveight. 

Boiling-point. 

Critical  point. 

Ratio. 

Helium  .... 

4 

Neon . 

20 

— 

_ 

— 

Argon  . 

40 

87  abs. 

1.55  abs. 

0-561 

Krypton  .... 

82'. 3 

121  „ 

210  „ 

0-576 

Xenon  . 

128 

164  „ 

288  „ 

0-568 

It  will  be  observed  that  the  ratios  of  the  absolute  boiling-points  to  the  absolute 
critical  ijoints  has  a  nearly  constant  value,  the  mean  of  the  actual  ratios  being  0'57. 
This  relationship  is  common  among  similar  substances,  for  which  the  boiling  and 
critical  temperatures  may  be  considered  as  corresponding  states. 

The  boiling  and  critical  points  of  neon  are  not  known.  We  are  certain,  however, 
that  the  critical  point  lies  below  60'^  abs.,  and,  as  the  vapour  pressure  is  12 ’8  millims. 

at  20°’4  abs.  tlie  boiling-point  must  lie  above  25°  abs.  If  the  ratio  for  the  critical 

and  boiling-points  is  the  same  as  for  the  other  gases,  viz.,  0‘57,  we  may  calculate 
the  temperature  of  the  boiling  and  critical  points  which  vail  correspond. 

Boiling-point  .  .  .  28°‘5  .  .  31°  .  .  34°. 

Critical  point  .  .  .  50°  .  .  55°  .  .  00°. 

In  the  25aper  in  the  ‘  Philoso^fiiical  Transactions’  already  referred  to,  it  was  j^ointed 
out  that  argon,  krypton,  and  xenon  resemble  one  another,  though  kryjDton  bears 
a  stronger  resemblance  to  neon  and  helium,  lorming,  in  fact,  a  link  between  the  two 
sub-series  of  this  grou])  of  elements.  If  now  we  plot  (fig.  5)  on  a  diagram  the  critical 
and  boiling-points  of  the  elements  as  ordinates  and  their  atomic  weights  as  abscissae, 
the  i^oints  representing  argon,  kryjjton,  and  xemjii  lie  on  a  straight  line.  Taking 
30  abs.  as  the  boiling-^^oint  and  53  abs.  as  the  critical  point  of  neon,  and  plotting 
these  points  on  the  diagram  agaiiist  the  atomic  weight  of  neon,  we  find  that  the 
lines  joining  these  points  to  the  corresponding  points  for  krypton,  when  prolonged, 
pass  through  the  origin  of  the  axes.  If  the  23oints  corresponding  to  helium  lie  also  on 
these  lines,  the  critical  and  boiling-jjoints  of  this  gas  will  be  10°  and  6°  abs.  Even  if 
we  assign  to  the  critical  point  of  neon  its  n2J23er  limiting  value  60°  abs.,  and  su23pose 
the  points  on  tlie  diagram  representing  kry23ton,  neon,  and  helium  to  lie  on  a  curve, 
the  critical  point  of  helium  cannot  be  far  above  12°  abs. 

In  our  experiments  the  helium  was  compressed  in  the  conqiression  tube  of  an 
apparatus  similar  to  that  employed  by  Cailletet  or  Amagat,  only  the  jiressure  was 
transmitted  to  the  surface  of  the  mercury  by  means  ot  compressed  air,  instead  of 
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employing  liquid  and  a  pump.  The  compression  tube  is  shown  in  fig.  G.  The 
wider  jiortion,  A,  which  was  made  of  boiler-gauge  tube,  had  an  internal  diameter 


of  G  milli.ms,,  and  was  capable  ol‘  standing  a  pressure  ot  SO  atmospheres,  or  more. 
At  its  lowei'  end  it  entered  the  steel  conipression  apparatus,  and  at  the  top  it  was 
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sealed  to  the  capilla,ry  tube  B,  which  had  an  internal  diameter  of  0’5  milliin. 
When  the  lower  portion  of  the  tube  B  ■was  cooled  to  the  lowest  temperature,  it 
required  a  pressure  of  60  atmospheres  to  compress  the  whole  of  the  helium  into  the 
capillary  tube. 

The  pressure  on  the  helium  was  determined  by  means  of  two  gauges  of  the 
Amagat  type,  filled  with  nitrogen,  and  indicating 
pressures  from  2  to  12  atmospheres,  and  from  8  to  60 
atmospheres  respectively. 

The  compression  tube  was  filled  with  pure  helium  pre¬ 
pared  in  the  manner  described  on  p.  174  (fraction  1). 

In  our  first  experiment  the  capillary  compression  tube 
Avas  enclosed  together  Avith  the  thermometer  Inilb,  &c., 
in  the  apparatus  shoAvn  in  tig.  1  (see  adso  p.  160).  At 
temperatures  betAA^een  20°'5  and  14°  abs.  (helium  scale), 
the  pressure  on  the  gas  was  sloAvly  increased  to  CO 
atmospheres,  and  then  sloAvly  reduced.  Under  all  con¬ 
ditions  the  smallest  change  in  the  position  of  the  mercury 
meniscus  in  the  compressi^jn  tube  Avas  ahvays  accompanied 
by  a  corresponding  change  in  the  pressure.  This  experi¬ 
ment  was  repeated  on  three  occasions. 

In  another  set  of  experiments,  the  capillary  portion  B 
of  the  compression  tube  passed  through  a  rubber  stopper 
E  (fig.  6)  into  a  small  siB'ered  A'acuum  A'essel  C,  AA’ith  a 
contracted  mouth,  enclosed  Avithin  a  Avider  glass  tube  D, 
sealed  at  the  bottom  to  a  tulie  G,  7  millims.  in  diameter, 
and  fitting  closely  to  the  rubber  stopper  E.  The  upper 
part  of  the  tube  D  contained  a  plug  of  natural  wool 
Avrapped  in  gauze,  to  shield  the  mouth  of  the  vacuum 
vessel  from  radiation  from  above.  A  tube  F  jiassed 
through  the  stopper  E,  and  Avas  connected  Avith  a  mercury 
manometer  Avhich  seiwed  to  measure  the  pressure  in  D. 

The  vacuum  vessel  C  Avas  filled  Avith  liquid  hydrogen  "Fig.  6. 

and  placed  in  the  tube  D,  which  was  then  rajiidly  fitted 

to  the  rubber  stopper  E  ;  the  compression  tube  B  had  previously  been  cooled  Avith 
liquid  air.  A  vacuum  vessel  H  containing  liquid  air  Avas  then  brought  outside  the 
tube  D  as  in  fig,  6.  The  tube  G  Avas  connected  Avith  the  double  ‘  Fleuss  ’  pump, 
arranged  Avith  the  cylinders  in  scries  (p.  161),  and  the  pressure  on  the  licpaid  hydrogen 
AA'as  reduced  to  5  millims.  of  mercury,  and  maintained  at  that  pressure  for  20  minutes. 
Even  at  this  temperature,  which  is  probably  not  far  below  13°  abs.,  no  evidence  could 
be  obtained  that  helium  had  liquefied. 

The  extremely  permanent  character  of  helium  confirms  our  vieAv  that  tliat  gas  is  by 
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tar  the  most  perfect  iliermometric  substance  known  to  us.  Possibly,  even  at  the  lowest 
temperature  that  Ave  have  arriA^ecl  at,  the  temperatures  measured  on  the  constant- 
Amlume  helium  scale  are  not  far  from  absolute  measurements. 

Turniug  to  the  cpiestion  of  lirpiefcing  lielium,  it  AAmuld  of  course  be  possible  to 
coniju’ess  large  quantities  of  the  gas,  and  aU'AAving  it  to  expand  adiabatically  to  at 
least  produce  a  mist  of  helium.  As  the  comiAression  could  only  be  effected  in  A'essels 
Avith  AA'alls  of  considerable  thickness,  it  would  probably  be  impossible  to  produce  anA* 
quantity  of  liquid  in  this  Ava3\  With  regard  to  the  application  of  the  regenerative 
process,  which  can  so  easily  be  employed  in  the  case  of  air  or  of  hydrogen,  to  the 
liquefaction  of  helium,  we  can  say  nothing ;  for  apart  from  the  experimental 
difficulties  involved  in  the  problem,  we  do  not  yet  knovr  wdiether  helium  becomes 
heated  or  coded  Avhen  allowed  to  expand  freely  at  high  or  at  Ioav  temperatures. 

Fi'om  this  point  ol  vieAv,  and  for  the  correction  of  gas  thermometers,  the  Joule- 
Thomson  effect  for  h'dium  should  be  determined  over  a  Avide  range  of  temperature. 

In  conclusion,  Ave  Avish  to  express  our  thanks  to  the  Government -Grant  Committee 
of  the  lloyal  Society  for  the  assistance  they  have  given  us  in  carrying  out  this 
iiiA-estivation. 
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IV.  On  some  Definite  Integrals^  and  a  Xew  2[efhod  of  Reducing  a,  Function  of 
Sphericcd  Co-ordinates  to  a  Series  of  Spherical  Harmonics. 

Bij  Arthur  .Schuster,  F,R.S. 

Koccived  May  30, — -FvCud  June  5,  1002. 


^  1.  Introd'ictorg. 


The  following  investigation  deals  with  some  detinite  integrals  which  are  useful  when 
it  is  desired  to  express  a  function  of  two  angular  wiriables  hy  means  of  a  series  of 
spherical  surface  harmonics.  An  important  theorem  concerjiing  these  integrals  leads 
to  a  method  which  considerably  reduces  the-  arithmetical  labour  involved  in  the 
reductions,  and  secures  in  practice  the  advantage  of  obtaining  the  numerical  values 
of  the  coellicients  of  lower  degrees  independently  of  those  of  higlier  degrees. 

The  zonal  harmonic  of  degree  n  is  denoted  by  and  defined  as  usual  by 


1 

7^  (i^'-  1)A 
2"  1-2  . . .  ■ 

The  tesseral  harmonic  of  degree  n  and  type  cr  is  denoted  by 


where 


=  Q;i(.Vl  cos  a-</>  -i-  ir  sin 


Q:  =  sin-^  0 


i/At, 


In  these  equations  0  represents  an  angle  measured  on  a  .spliere  from  a  })olnt  as  pole 
and  fi  =  cos  0.  The  longitude  measured  from  some  standaixl  meridian  is  denoted 
by  p 

The  name  given  by  Heine,  and  translated  by  Tohhunter  as  “  Associated  Functions 
of  the  First  Kind,”  is  too  cumbersome  for  use,  and  I  propose  to  call  these  functions 
“  Tesseral  Functions.”  The  tesseral  function  is  converted  into  a  tesseral  harmonic  by 
the  factor  cos  cr0  or  sin  cr</).  The  name  may  not  perhaps  appear  to  be  appropriate, 
because  it  is  only  the  factor  wliicli  gives  the  function  its  “tesseral”  character,  Imt  it 
IS  short  and  suggests  at  once  the  function  it  denotes. 

The  present  investigation  deals  in  great  part  with  the  definite  integrals,  taken  over 
the  surface  of  a  sphere  of  unit-  radius,  <h‘  the  product  of  two  tesseral  functions  and  of 
(324.)  18.12.02 
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the  product  of  a  tesseral  function  and  cos  p9  or  sin  the  tesseral  functions  being  all 
referred  to  the  same  axis.  I  shall  denote,  as  usual,  the  factorial  product  of  the 
]iumbers  up  to  n  by  n ! ,  but  have  found  it  necessary  to  introduce  a  separate  notation 
for  the  products  of  successive  even  or  successive  odd  numbers.  I  consequently  define 

n\  \  =  n  .  {n  —  2) !  ! . 

Starting  ivith  1  !  !  =  1,  2  1  !  =  2  , 

it  follows  that,  for  positive  values  of  n, 

n  !  !  =  71 .  —  2  .  »  4  .  .  .  . 


where  the  last  factor  is  either  1  or  2,  according  as  n  is  odd  or  even. 

AVe  may  extend  the  definition  to  negative  values  of  the  argument,  for  the  successive 
substitution  of  7i  =  1,  n  =  —  1,  n  =  —  3,  into  the  first  equation,  gives 

(-1)!!=!,  (-S)!!^-!,  (-5)::=.:’, 

and  general! V  if  n  is  negative  and  odd. 


For  7(  =  2,  the  original  equation  gives  0  I  ;  =  1, 
for  71  =  0,  (~  2)  !  !  =  2c  , 


and  similarly  for  all  negative  and  even  values  of  77,  n  !  !  is  infinite.  The  ratio  of  two 
of  these  factorials  of  negative  numbers  is,  however,  finite,  for  it  is  easilv  shewn  that 
if  m  and  u  be  two  neoatn'e  numbers,  whether  even  or  odd. 


One  of  the  advantages  of  a  separate  notation  for  what  may  be  called  the  "  alternate 
or  “double”  factorial,  is  due  to  the  fact  that  it  often  saves  the  inconvenience  of 
different  expressions  for  odd  and  even  numbers. 


§  2.  Foyniida;  of  Tran !<format ion . 


It  is  convenient  to  collect  together  some  equations  ivhich  will  often  be  reiptired. 
.Vfost  of  these  equations  ivill  ho  found  already  in  previous  ivritings,  such  as  IIeixe’s 
i’reatise  or  AdajMs’  llesearches  in  Terrestrial  Magnetism.” 

As  re  gards  zonal  harmonics,  it  is  only  necessary  to  quote  the  well-known  relations  : 
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[2n  +  1 )  —  ('H  +  1 )  P/;+i  +  )^P,v_i 

(/P,_i  rtT. 


(272  -f  l)  Pf,  — 


"-1 


d/.i 


du 


From  the.se  e^juations  we  derive  the  following  : 

[2n  -F  1)  IJ-Qn  =  {ll  —  cr  +1)  Qli  +  l  +  (^^  +  O')  Qn-l 
(272+ l)sini9Q,l=:Q:::}-Q^!} . 


(1). 

(2). 


(A) , 

(B) , 


=  (/t  +  0-)  (/2  +  or  —  1)  Q;il}  —  (72  —  (T+2)(72  —  CT+l)  .  (0), 

O''  +  O'  —•  1)  Qliil  +  Qpl . (D), 

=  QUl  +  {>l  ■—  o  -P  2)  [v  —  rx  +  1)  Qn\ . (E), 

Qu  ~  Qrt-2  =  ('^  +  <7"  -  2)  (72  +  cr  ~  3)  Qa-2~-  (72  —  0-+  2)  (77  —  cr  +  1)  .  (F), 


(272  +  I)  y-  shP  0  y 

^  '  dfji  df^-^ 


-2/5  '  ^  "-1 


=  (72  +  cr)  (77 +cr  —  /3+l)siu'‘  '+  ^  — (22  —  cr+ 1  )(72“cr  +  /3)  silp  '0 


p-2^"  ^  «  +  l 


d, 


silP  0 


d’^V 

(  f  L 

d/j.^- 


{2(x  —  p)  silPd 


(T+  1 


dp 


p{ii-p(j){n  —  cr+l)si!p  ~0 


dp 


<r—  1 


(Cf), 

(H). 


As  special  cases  of  (G)  and  (H)  Ave  may  put  p  equal  successively  to  ex,  cr  +  1,  and 
cr  +  2.  The  following  e(piations  are  thus  obtained  : 

(2/7  +  1 )  sin'  0  (p  =  (n  +  1 )  (/2  +  cr)  —  n  [ii  +  I  —  cr)  •  (^0)’ 

2  sin  11  =  GG'  —  (72  +  cr)  (72  —  (x  +  I)  Qr'  ....  (Hj), 

(2/2  +  1 )  sin  0  '1^  sin  0  Q,!  n  {n  +  cr)  GGi  —  ('^  +  l)  ("  +  I  —  cr)  QGi  •  (GP, 
2cx  sin  0m  =  {cr  —  1 )  Q,F‘  —  (cr  +  1)  (72  +  cr)  (72  —  cx  +  ! )  .  (H.), 

(2/2  +  1)  sin~  0  G;;  =  {n  ~  1)  (77  +  cr)  Gl-i  ~  (22  +  2)  {11  —  cr  pi)  GGi  (Grs), 

2x  siir  ^  G«  =  (cr  —  2)  sin  0  GG^  —  (cr  +  2)  (72  +  a)  (72  —  cx  +  1)  sin  0  Gr'  (Hg). 

The  formula  (A)  is  well  known  and  may  be  obtained  by  cx  ditferentiations  of  (1), 
substituting  in  tlie  result  an  equation  derived  from  x  —  1  differentiations  of  (2). 
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Equation  (B)  is  the  result  of  cr  ditferentiations  of  (2),  and  multiplication  by 
sin°"^^  Q.  (C)  may  be  proved  by  combining 


w 


ir  (IV  (FV 

n  ,  ,2\  (•  ±71  'f  -L  H  »  ±11 

-  Z'-)  7,^  =  (1  -  77TT.  -  -  .T,  .T  -  1  --T 

itb  tlie  fundamental  equation  for  zonal  harmonics.  The  latter  leads  directly  to 


<1 


(1  -f"')  ,/..  =  -  7;:-.  A"  +  !)•  P« 


dfjF 


from  which  we  derive  (by  ecpiating  the  two  expressions  on  the  right-hand  sides) ; 

^  fZ"P 
c// 


7<T+lp  7crp  rr~^P 

/  1  o\  «  o  ±  n  /  .  \  /  I  T  \  ” 

=  <"  -r  +  1) 7^ 


or,  after  multiplication  by  (1  —  /x-)- , 

sin  =  2pcrQ,;  —  (?7  +  cr)(>Z  —  cr  -f  l)  sill  6Qr\ 

If  p-Q."  lie  now  substituted  from  (A)  and  sin  0  from  (B),  the  equation  (C)  is 
obtained. 

If  a  —  1  be  written  for  a  in  (B)  and  cr  +  1  for  cr  in  (C-)  we  may  combine  the  two 
equations,  so  as  to  give  (D)  and  (E).  (E)  is  an  important  relation  obtained  from  (B) 

and  (C).  The  formulee  (G)  and  (H)  are  easily  derived  liy  direct  ditferentiation  and  a 
few  simple  transformations. 


If  the  equation  (H^)  is  integrated  with  respect  to  /r  between  the  bmlts  —  1  and 
“b  1,  the  left-hand  side  vanishes  at  both  limits  :  hence,  after  changing  from  cr  +  I 
to  cr, 


+  o-  - 


1)  (n 


+  j 


cr  +  2)  -  djx, 


and,  by  applying  the  same  process  to  the  rigiit-band  side. 


~  cr  _  4  ^  ~  1)  ^  ~  3)  ^  "I"  —  «■  +  "  c//x. 

Repetition  of  the  same  proceeding  will  ultimatelv  lead  for  even  values  of  cr  to 


WITH  APPLICATION  TO  SPHLRICAL  HAPMONIC  ANALYSIS. 


185 


But 


^vhe^e  the  special  case  n  =  0,  for  which  the  integral  vanishes,  is  excluded. 
Hence 

r+i  ^  . 

I  Qn  =  -i,  if  n  he  even  ;  =  0,  if  n  l)e  odd  ; 


AlPn 


+  1 


and  finally 


r  +  V-w  7  (n  +  a-l)l\(n~2)l]  ...  ,  , 

=  2,7  ,  It  <r  and  n  be  even ; 

=  0,  if  cr  he  even  and  n  odd. 


For  odd  values  of  cr,  it  is  more  convenient  to  use  formula  (Gg),  which  leads  to  : 


r+  1 

Q;dM  = 

>  -1 


0i  +  a-  1)  (n  -  2) 


(n  —  a)  {n  +  1) 

By  repetition  of  the  same  process,  we  get  for  even  values  of  n  idtimately 

r+L..  ,  f"/;,  +  cr  —  1) !  1  (/;  —  2) ! !  <t'.\  1  7 

Qn  =  -—7- - --77.-  ZTV~"  Li — r-> - 

1  ni  —  cr  )  .  ;  +  J  J  ;  '  (T  —  O  )  :  ;  f  j:»t  —  Z  K  :  '  i 


>);;(2 


As  the  expression  under  the  integral  sign  of  the  I’ight-hand  side  vanishes,  the 
value  of  the  integral  on  the  left-hand  side  is  zero. 

o 

W1  len  n  is  odd  we  am  ultimately  led  to 


]-P 


(7i,  +  CT  -  I);i  (n  -  2)i:  (cr  +  I): 


(a~cr;i:(u  +  i)::  (^7-2)1:  (2cr-i)::j„ 


+  H"  1  7 


But 


dp  =  (2cr  —  1)  !  !  f  siiP  dd/x  =  (2cr  —  1 )  1  1  [  siiH'*"’ d  =  ,  ]  \\ , ,  (2cr  —  l) !  I  tt. 

-1  .'0  (  (T  +  J  j  :  ; 


-1 


Collecting  the  results,  we  may  put  generally 


djji  =  ccr 


(n  -f  (7  —  1)  ! !  (71  — 
(71  —  cr)  ;  !  (77  +  1  ) 


if  77  +  cr  be  even, 


where  c  is  equal  to  2  or  n  according  as  cr  be  even  or  odd.  When  (n  +  cr)  is  odd,  the 
integral  vanishes. 

The  results  of  this  paragraph  allow  us  to  represent  a  quantity  which  is  constant 
over  a  sphere,  in  terms  of  a  series  of  tesseral  functions  v'hich  are  all  of  the  same  type, 
the  type  being  arbitrary.  It  follows  that  we  may  express  cos  crX  and  sin  crX  in  terms 
of  a  series  of  tesseral  harmonics  of  type  cr. 
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To  find  the  values  of  the  coefficients  of  such  a  series  we  put 

cos  crcf)  =  +  Aa  2-fff+2  +  •  •  •  A^Tj^  +  •  •  • 

and  integrating  over  unit  sphere,  after  multiplying  as  usual  by  Th  we  find 

Cf  A-  A  =  a;  f;’|  ;;(T:)^’  ^  K 

Substituting  on  the  left-hand  side  the  integral  found  above  we  obtain 


1)  ! !  (a  -  2)  !  !  ^  -A+J  -  <r  -  1)  ! !  (?i  -  2) !  ■ 

(a  +  <7 ) !  {ii  —  cr)  ' '  ('/t  +  1)  ! !  2  (?!-  +  O')  ! !  -f  1)  ! !  ’ 


.  ^  2?i  +  1  (n  —  cr) !  {n  -f  cr 

A„  =  c‘cr - : - .  - r-  .  cr 


where  c  is  2  or  tt  accordina;  as  cr  and  n  are  hotli  even  or  both  odd 
AVe  obtain,  for  instance,  in  this  way  for  cr  =:  2, 

9 


"  ~  1  .  2 , 3 . 4  ^ 


,4.5.0 


^A^  +  5.o'v.-S-'A+.. 


§4.  f  Q:siidddp, 

*  —  i 


r+ 1 


pQn  siid^c//x. 


If  we  put  p  =  cr  -f  X  A  2  in  ecpiation  (G),  and  after  changing  from  n  +  1  to  «, 
integrate  both  sides,  we  obtain  ; 


•  +  1 


siih  6  (A  da  = 


4?  +  o-  —  1)  (n  —  A.  —  2) 


or,  ix  — 

.  _i  ^  ^  (n  —  a)  (ii  +  \  +  1) 


siffi  6  QI_2  clfx 
J  -1 


(■«  +  cr  —  1)  («  +0-  —  3)  (71  —  X  —  2)  (?^  —  X  —  4) 
(^)l  —  O')  (?!/  —  <T  —  2)  (7i.  +  X  -j-  1)  ('/i.  AX  —  1)  . 


+  1 


-1 


sird  d  QAi  dp. 


If  n  ~  &  he  Olid,  a  continuation  of  this  process  reduces  the  degree  of  the  tesseral 
function  on  the  right-hand  side  until  it  becomes  smaller  than  cr,  and  tliis  will  happen 
before  anv  of  the  factors  m  the  denominator  become  zero,  so  that  in  that  case  the 
integral  on  the  left-hand  side  is  zero. 

If  11  --  cr  he  even,  the  integral  on  the  right-hand  side  ultimatelv  becomes 

f^‘  sild  e  Oil  clfx  =  (2a-  -1)1!  0  dd  =  (2g-  -  1) !  1  ^  c, 

J - 1  Jo  ' 


(X  A  c  +  1)  !  ! 


where  c  is  2  or  tt  according  as  X  A  cr  is  even  or  odd. 
The  integral  to  he  deteiinined  now  becomes 


+  1 

I 

-  1 


sin^  0  da 
u-  —  a  he  even) 


«  — Ad:  [l'‘  -  X  -  2)  -  X  -  4)  ...  (cr  -  X)]  (if 

(?t  -  (7)  ! ;  (a  A  X  A  1)  : !  ^  ^  ^  ^ 

U,  if  11  —  cr  he  odd. 
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A  little  care  is  necessary  in  the  interpretation  of  the  square  bracket  on  the  right- 
hand  side.  All  the  factors  of  the  product  contained  in  it  may  he  positive  or 
negative,  but  when  A  is  intermediate  between  n  and  cr,  some  may  be  positive  and  some 
negative.  In  the  latter  case,  one  of  the  factors  will  be  zero  when  cr  —  A  is  even,  and 
in  that  case  the  integral  on  the  right-hand  side  is  zero.  The  above  expression  does 
not  include  the  special  case  n  =  cr.  By  extending  the  notation  of  double  factorials 
to  negative  numbers  as  defined  in  §  1,  we  may  also  write,  including  the  cases  when 
n  —  A,  or  both  n  —  A  and  cr  —  A,  are  negative,  or  when  n  =  cr. 


r+i 

-1 


siiB  9  dfx 


{n  +  <r  -  +  \)\\{n  -  X  -  2)\\ 

(n  —  O') ! !  (cr  —  X  —  2) ! !  (n  -f-  X  -f  1) ! !  ^ 


(T  he  even, 


=  0  if  w  —  cr  be  odd. 


The  integral  sin^  ^  c//x  reduces  to  the  one  just  determined  with  the  help  of 

•  -1 

equation  (A).  We  thus  find  : 


r+l 


slid  9  dij.  —  c  - — 

I  {n 


(».  +  (7) ! !  (cr  +  X) ! !  (n  -  X  -  3) ! ! 

-  <7  -  1) ! !  (cr  -  X  -  2) ! ;  +  X  +  2) ! ! 


if  n  — ■  cr  be  odd, 


=  0  if  n  —  cr  be  even. 


The  factor  c  takes,  as  before,  the  value  2  or  rr  according  as  cr  fi-  A  is  even  or  odd. 
For  the  special  case  cr  =  0,  the  tesseral  harmonics  reduce  to  zonal  harmonics,  and 
the  last  equation  becomes 


r+i 

j  sin^  9  dfj.  =  c 


?« ! !  X  1 !  (??.  —  X  —  3) 


1  ! 


(«  -  1) ! !  (-  X  -  2) ! !  (?i  +  X  -f-  2) ! ! 


if  n  be  odd. 


If  A  be  even  and  n  >  A  -j-  2,  the  fraction  on  the  right-hand  side  is  zero,  because  in 
that  case  ( —  A  —  2)  !  !  =  oc  ,  and  the  mnnerator  remains  finite,  but  if  n  <  A  fi-  2,  the 

value  of  remains  finite  whether  A  he  even  or  odd,  and,  in  that  case,  the 

right-hand  side  may  also  be  written  (avoiding  negative  arguments  of  the  factorials) : 


n-l 

i-)-c 


! !  X  ! !  X  ! ! 


(n  -  1) ! !  («  +  X  -f  2) ! !  (X  -  w  +  1) ! ! 


If  n  be  odd  and  >  A  -j-  2,  we  may  transform  the  negative  factorial  and  write  the 
value  of  the  integral 


A+l 


77 


w!!X!!X!!(7i~X-3)!! 
Oo  -1)1!  (n  +  X  -I-  2) ! 


Similarly  we  obtain 


2  B  2 
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(/i  -  1) ::  A  :;(/t  -  X  -  2) 

^'/U:(-A-  2)!:(«4- A  +  1)!!’ 


if  n  be  even,  other¬ 


wise  the  inteu'ral  is  zero. 

O 

Tills  inchules,  as  particular  cases, 

P„  siiF  6  dji  =  0  if  X  lie  even  and  ?/  >  X  +  1, 

•’  -1 


.  (li  -  1) A!'x:!(?i  -  A  -  2);:  . 

(  —  1  )  -  TT - ’ 


; !  (n  +  A  +  1)  ;  1 
{n  -  1)!!A!:  A!! 


n ;  1  (A  +  n  +  1)  ; !  (A  -  ?t)  ! ; 


f  X  be  odd  and  n  >  X  -h  1. 
If  12  <  X  +  1- 


Dr.  W.  D.  Nivex  (‘Phil.  Trans.,’  vol.  170  (1879  I.),  p.  379)  has  already  obtained 

r+i 

an  expression  for  tlie  integral  P„  slip  6  du.  His  results  are  Identical  with  the 

•  -1 

above,  when  allowing  for  the  difference  In  the  notation  and  after  correcting  an  obvious 
misprint  in  tbe  equation  marked  (IG)  on  p.  388. 


If  we  write  down  the  differential  coefficients  of  P^,  by  means  of  the  equation 

dV,Jdix  =  (2n  -  1)  P,,_,  +  {2n  -  5)  P„_,,  +  .  .  ., 

and  repeat  the  same  process  p  times,  we  olitain  a  series  beginning  with 

rPlW  ==  1 -  3)  .  .  .  {2n  -2^+1)  P.-p  +  •  •  • 

There  being  no  term  containing  a  zonal  harmonic  of  higher  degree  than  7i  —  p,  we 
conclude  that  tbe  above  integral  vanishes  when  e  >  ?i  —  p,  and  that  when  e  =  n  —  p 

f''p  ^  2  (2a --!)!! 

'  V  ^  (3«  -  2p  +  l)l! 

If  e  <  22  “■  p  we  may  transform  the  integral  as  follows  : 


L,  IP  A  =  57i  .L, 


1  r+Df(g2-iy  r/pp„ 


Pm 


(//LiP 


dp. 


After  e  partial  integrations,  in  which  the  first  term  always  vanishes  at  both  limits, 
the  integral  becomes 


f  — IV  1  A+i 
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The  integral  on  the  right-hand  side  has  been  found  in  the  last  paragraph.  Writing 
p  +  e  =  cr  and  e  —  p  —  X,  we  note  that  [n  —  X  —  2)  =  {n  —  e  +  p  —  2)  is  necessarily 
positive  as  e  <,n  —  p,  and  that  cr  —  \  is  |)ositive  and  even.  If,  further,  n  —  cr  he 
even  n  —  X  must  be  even  also,  because  the  difference  between  these  quantities  is 
a  —  X  —  2p.  We  may  now  write  the  value  of  the  integral 

_,rn-^e  +  p-l)!!0^^e  +  p-2)!!  1 

J_l  *  duP  ^  (h  —  e  —  p)  ! !  («  +  e  —  p  -f-  1)  ! !  (2p  —  2)  ! ! 

if  e  ^  —  p  and  +  p  +  e  is  even, 

=  0,  in  all  other  cases. 


If  p  =  1,  the  above  reduces  to 


§0.  f|Q:Q^,dp,  {^[Q'^QUrlp. 


'+1 

'-1 


+1 

•'-1 


Before  discussing  the  general  integral  of  the  product  of  two  tesseral  functions,  it  is 
convenient  to  obtain  the  solution  in  a  few  special  cases.  When  the  type  of  the  two 
tesserals  differs  hy  2,  we  may  transform  the  integrals  as  follows  ; 

f  +  l  0’+2  7(r  +  2p  a-  /crp 

(I  _  ^2)  ,  dP  _  0^,,  lii  7 


+  1 


-1 
1  r+i 


<r  +  2 


f  +  l 

I  (  1  -  P') 


a fjL'  '  ■  dfjL. 


2/  +  lJ_]'"  \  did 


cr+  J 


=2]  dp. 


dll  \  o  II 

By  the  application  of  PvODRiguez’s  theorem  the  right-hand  side  reduces  to 


'2i%  -f" 


dp. 


Integrating  each  term  partially  cr  ff  1  times  we  arrive  at  the  equation 


f*‘QrQrc/M 

'-1 


-  2i  +  1  (fv^  [(*■  +  ^7  +  2)  (i  +  <r  +  1 )  P. , ,  -  (i  -  (t)  (l'  -  o-  -  1 )  P._,]  if.. 

If  i n  be  odd,  or  if  i  >  n,  the  Integrals  on  the  rightdiand  side  vanish.  If  t<w 
and  i  -\-  n  even,  we  must  substitute. 


+  idP« 

-1  dji 


r+ipp 

"  P;+i  =  I  Pjff  =  2,  as  found  above. 
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which  gives 

|"’Qr=Qr</,.  =  4  (<7  +  1) . 

When  n  =  i,  that  part  of  the  integral  which  depends  on  P.-^i 
that  case 


3 _ {n  +  a)  ! 

'In  +1  {ii  —  a  — 


vanishes,  so  that  in 


More  particularly  when  cr  =  0  we  have  the  integrals, 


•’-1 


=  4,  if  n  +  %  is  even  and  i  >  n 

=  0  in  all  other  cases, 

—  o  ~  ^ 

“  ~  +  1  ■ 


r+i 

The  result  that  Q.n^'^QUdjx  has  zero  value  whenever  i  '>  n  can  be  extended  to 

r+l 

the  more  general  integral  j  provided  then  cr  >  p.  To  show  this  we  need 


onlv  consider  the  series, 


Q:  =  AoQ: 


AaQ^+Q  +  •  •  • 


where  the  coefficients  may  be  determined  from  the  integrals  found  above.  Multiplying 
both  sides  with  Qf”'*  and  integrating,  all  the  terms  vanish  when  i  >  n  and  hence 


j  Qn  Qr  ^  =  0  in  that  case. 


From  cr  —  4  we  may  proceed  to  o-  —  6  and  so  on. 


QlQldp,  we  use  formula  (F),  multiplying  both  sides  by 
•'  -1  "  _ 

and  integrating.  We  may  without  loss  of  generality  take  p  to  be  smaller  than  cr. 
Utilising  the  result  which  has  just  been  obtained,  one  integral  on  each  side  drops 
out  and  the  equation  becomes  for  even  values  of  cr 


+■1 


-1 


=  -  (n  -  a-  +  1)  (.»  _  cr  -b  2) 

=  (??  —  cr  +  1)  (n  ~  cr  +  2)  {n  —  cr  -b  3)  (n  —  cr  +  4)  |  Ql~*Qndp 


=  {- 


-P  {n  -p)]  r+l 
(«  —  cr) 


■  •'-1 


(- 1)-^ 


(n  +  p)  ! 


{71  —  cr)  •  '2/1  +  1 


if  p  <  cr  and  p  -b  cr  even 


=  0  if  p  +  cr  is  odd. 
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Reverting  now  to  equation  F  and  multiplying  both  sides  with  Q,n-2,  we  obtain 


• -1 


=  —  {ii  —  cr  +  1)  (n 


cr 


J-  •? 


+  (n  +  cr  —  2)  {n  +  cr  —  3)  j  Ql-lQn-2<^  1-^  +  f  Q,l-2Qn^2di^ 

-1 


+1 

( 

-1 


r  +  1 


=  —  (?t  —  cr  +  1)  (U  —  cr  +  2)  I 


(T— p4-2  ») 

+  ( ~  1 )  “ 


—  o 


[n->ra  ~2)  (n+  cr  — 3) 


(n 


p)'-  O;  —  2  +  /)) !' 


{li  —  cr)!  (n  —  a — 2)1 


=  —  (?i  —  (7  +  1)  (?i  _  o-  +  2)  [  Ql  “Q^_2(//z  — ■  (  —  1)  ‘  4  (cr  — ■  1 ) 


{»:  +  p  -  2) 
(n  -  a) ! 


The  integral  on  the  right-hand  side  mav  again  he  transformed  in  the  same 
manner,  changing  from  cr  to  cr  —  2.  This  leads  to 

[  QlQn-2df^  =  (n  —  cr-j-  1)  (a  —  cr-j-  2)  {/i  —  cr-j-  3)  {n  —  cr-j-  4)  [  Ql 


+  -!)+(.- 3)}. 

If  the  same  process  l)e  continued  until  the  integral  on  the  right-hand  side 
r+i  ^ 

becomes  the  remaining  terms  on  that  side  vvill  consist  of  a  series  in 

J-i 

arithmetical  j)rogression. 

Adding  this,  we  find 


’(« 


p) ! 


_  (■?''  —  ^  1-1 


+  1 


+  hhfflf' +  2)  (--p-2)] 


C7  —  p  4-  2 
1)-^- 


(a  -  2  -  p)  l 
(a  —  cr) ! 


(?i  —  2  -f-  p)  ! 


in-2-p): 


;  (4p  +  4) 


+ 


f  yt 


+  P)  1 


{n  —  <j) ! 


(o-  +  p  2)  (cr  —  p  —  2) 


=  (—  1)  “  -  (o-^  —  p'),  if  cr  -|-  p  be  even  and  p  <  cr. 

If  cr  -}-  p  is  odd  or  if  p  >  cr  the  integral  is  zero. 
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§7.  C'Q:P,dix, 

J_i 

The  integral  of  the  product  of  a  tesseral  function  and  of  a  power  of  sin  6  having 
been  obtained  in  §  4,  the  above  integrals  are  found  by  expanding  the  tesseral 
function  or  the  zoned  harmonic  in  a  series  proceeding  by  powers  of  sin  6, 

From  the  expression  of  a  tesseral  function  of  degree  n  and  type  cr,  as  it  is  generally 
given,  viz. ; 

sin"^  0  +  ...], 


it  is  seen  by  writing  x  =  sin  g  =  \/'  I  —  x^,  and  expanding  the  binomials,  that  the 
term  of  lowest  power  will  be  sin'"  d,  and  that  if  n  —  cr  be  even,  the  term  of  highest 
power  is  sin"  6. 

The  coefficients  of  the  series,  which  are  given  by  Heine,  are  most  easily  obtained 
by  going  back  to  the  differential  equation  ; 


o 


(Substituting  x  =  \/ 1  —  p?,  and  changing  variables,  this  becomes 


n  .74+1 


1  —  iKY 

q:+  '"f  +  d 


If  the  series 


a^x'^  +  +  .  .  .  <.1,^x1  +  +  .  .  . 

satisfies  this  differential  equation,  the  coefficients  and  rq  must  be  connected  by 
the  relation 


cq  [a  —  q)  (a  -b  q  -f  1)  +  cq^^  qy  _  q-  _p  2)  [q  -f  o-  _p  2)  =  0, 
as  is  seen  by  sulrstitution. 

Tlie  first  coefficient  is  determined  by  the  foct  that  it  is  equal  to  the  value  of 
when  g  =  I,  This  quantitv  is  known  to  be  equal  to 

(»  —  0-):  (ZctF: 

other  coefficients  may  now  be  determined  in  terms  of  this,  and  we  find  in  this  wav 
for  Q;^  the  series 


I  _ fa  —  (r){n  +  a  -f  1 V -rH  i  ( ~  o')('a  —  cr  —  2)(a  -f  cr  +  !)(;/  +  cr  +  3)  Ar 

(71-0-)!  (2cr)'’L  1  cr  +  1  \2/~‘  1.2  cr  +  l.a  +  2  *  2  ' 


The  series  breaks  off  with  the  term  when  n 
holds  if  —  cr  is  odd. 

The  ffictor  of  .H  in  the  series  reduces  to 


“  cr  is  an  even  number,  but  also 
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/_  (n.  +  A_— l_)i;  _  I 

^  '  (n.  -  (7  -  ])i:  (n  -  Aj!!  (A  -  <7)::  (\ -}- rr);' ’ 


When  (n  —  a)  is  an  odd  numl)er  it  will  be  more  convenient  to  use  a  difierent 
series.  AVriting  Q  =  fxN,  and  changing  the  variable  to  a:  =  s/l  —  /x'  as  before,  the 
dilferential  equation  becomes 


11 


i.„  +  ,nT-SO^^  +  (i 

X  ax  ^ 


a^’N 


and  from  this  we  find  for  the  series 


(«  +  cr)l  /J.x'^ 

(7i  -cr)!(2o-):;  _ 


(n  —  (T  —  l)(n  +  cr  +  2)f  x\^  ( 11  —cr  —  l)(n  —  o-  — 3)(rt  +  o-+  2)(7i  +  o-  +  3)/.r\‘*' 

~  '  ^  -w  i.^)+  ^^<7  +  1  "a +  2  [2]' 


1  .  (7+1  \2  , 

The  factor  of  [ix^  in  the  series  Is  found  to  be 


(n  —  (7);!  (//  —  A  —  1)!'  (A  —  (t)!!  (A  +  cr)!! 


In  considering  the  integral  d/x,  we  mav,  without  loss  of  generalltv,  take  p 

"  • -1 

to  be  smaller  than  cr.  If  of  the  two  quantities  i  —  p  and  ii  —  cr,  one  is  odd  and  the 
other  even,  the  integral  vanishes. 

If  [n  —  a)  and  {i  —  p)  are  both  even  numbers,  we  may  express  In  terms  of  a 
series  of  powers  of  sin  6  and  obtain  in  this  way  : 


r+l  A=n 

-  ) ) 

j  — i  A  =  (7 


(/t  +  (7)  ! !  (?t  +  A  -  1)  ! ; 


(7  —  1)  ! !  (7i  —  A)  I  !  (A  —  er)  ! !  (A  +  a) 

-  "Cbq  ^.^-(«  +  (7):!(n  +  A-l)!!(^  +  p-])!!(7-A-2)!!(p  +  A):!  _ _ 1 _ _ 

■  (n-a-i):i(?i-A);:(i-p);:(6  +  A+i):;(p-A-2)n' (A-<7y:(A  +  c7)!:' 


\  =  n 

The  sjunbol  is  Intended  to  express  that  X  takes  successively  the  values 

A  =  cr 

(7,  (T  +  2, .  .  .  7q  leaving  out  the  alternate  numbers.  The  constant  c  is  equal  to  2  or  77, 
according  as  p  —  cr  is  even  or  odd. 

If  n  —  (T  and  i  —  p  are  both,  odd,  we  find  in  the  same  way : 


[^V>0^  — ^  ^ _ !)!!(«  +  A)!! _ _ _ 1 cJa 


^--1  w +  ^ _  1) ! t +  A) ! !  (t  +  p)!;(^-A-3)!!(p  +  A)!! 
c  ^  l~ -*■/  " 


A  =  cr 


(?i,  — — A  — 


-p-l):!(t  +  A  +  2)!:(p-A-2)i:’(A-(7)!l(A  +  a)!!‘ 


The  value  of  c  is  the  same  as  before. 

Our  result  shows  that  when  p  —  cr  is  even,  the  Integral  vanishes  when  i  >  n. 
For  when  p  —  cr  is  even,  p  —  X  —  2  will  also  be  even,  for  all  values  of  X,  and 
VOL.  cc. — A.  2  c 
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it  will  be  negative  because  cr  is  the  smallest  value  of  X  and  cr  is  larger  than  p. 
l/(/3  —  X  —  2)  ! !  must  therefore  be  zero,  and  all  the  terras  of  the  sum  vanish  unless 
there  is  a  negative  even  factorial  in  the  numerator.  The  only  factorial  which  can 
become  negative  is  (i  —  X  —  2) ! !,  but  n  being  the  highest  value  of  X,  it  will  not  be 
negative  when  i  >  n.  For  the  special  case,  %  —  n,  all  the  terms  of  the  sum  vanish 
except  the  last,  for  which  \  —  n.  We  have  in  that  case 


{i  2)\\  (i  -n -2)'.'.  _  (-2)!! 

\p-  (p-n-2)\  \  ■"  (p  -  n  -  2) ! ' 


and  the  integral  reduces  to  (—  1)  - 


2  (n  +_p)J 
2n  +  1  (n  —  cr) !  ’ 


as  already  found  in  §  G. 


The  same  expression  is  found  when  n  —  cr  is  odd. 

Another  and  generally  more  convenient  expression  for 

expanding  Qf  instead  of  in  terms  of  powers  of  sin  6. 
n  —  cr  and  i  —  p  are  both  even. 


r+i 

j  QnQi’c^/^  is  found  by 
We  thus  obtain,  when 


dp  =  cl<^^{-iy 

A=p 


P(n-r-a-l)’:(i  +  p)]](i  +  X-l):](n-\-2)ll  1 _ (y  +  X)\\ 

(n-a)!!(i-p-l)!ld-X)!l(n  +  A+  1):'  - p)\:{X  +  p)':!  (cr-X-2)::’ 


and  when  n.  —  cr  and  t  —  p  are  both  odd. 


1  (cr  +  X)!! 

{n-a-iy.i(i-p)[i{v  +x  +  2Y:(i-x-i)'’  {x-py.:{x-i- p)':.  (a-x-2y:: 


=  - 1  ^  2(7t-X-3)!!(r  +  X)!: 

A  =  p 


Writin  CT 

o 


*  _  {5  +  p)  (<r  +  p  —  2)  .  .  .  {cr  —  p  +  2)  (a  —  p) 

(2p):] 


A,= 


(g-  +  p  +  2)  (cr  +  p)  .  .  ■  (g-  —  p)  (q-  —  p  —  2 ) 

2:!(2p  +  2)i:  ’ 

(cr  +  p  +  4)  (g-  +  p  +  2)  .  .  .  (cr  —  p  —  2)(cr  —  p  —  4) 
4'I(2p+’4)!: 


we  may  put  the  integral  into  the  following  form  : 

J  if  —  0-)  even,  {i  —  p)  even,  and  excluding  n  =  i 

^  (n-p-2)y  ^ 

(i  —  p)  !  [  n  —  a)':l  (a  +  p  +  1)  !  !  '^’ 

where 

V  _  A  _  A  +  P  )  :  \  (i  +  p  +  1)  (i  +  p  +  B)  (?-p)  (t-p-2) 

'-(■/i-p-2)  («+p  +  3j  "^-^(„_p_2)(,i-p-4)(«  +  p  +  3)(7i4-p  +  5) 


where 


c  =  2,  if  cr  —  p  is  even,  and  c  =  tt,  if  cr  —  p  is  odd, 
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the  last  term  of  the  series  is 


[d  +  p  +  1)  (i  +  p  •  (2^  -  1)]  [(i  -  p)  a  -  P  -_2)j^:_2] _ 

[(?i  —  p  —  2)  {n  —  p  —  4)  .  .  .  {n  —  0]  [(»  +  p  +  o)  (a  +  p  -h  5)  ...  {n  i  +  1)]’ 

but  the  series  breaks  oft‘  before  the  end,  if  a  —  p  is  even  and  ^  >  cr  owing  to  the 
factor  A  vanishing.  The  number  of  terms  in  that  case  is  o-  —  p  —  1. 

Similarly  when  {n  —  cr)  and  {i  —  p)  are  both  odd 


where 


(^  +  p)  : 
=  C,-.  y, 
(i  -  p)  : 


(yi  +  <t)1\  (n  —  p  —  3  ) !  ! 

(n  -  a  -  +  p  +  2)11^^’ 


-c  _  A  —  A  ('^'  +  p  +  2)  (i  —  p  —  1)  .  {i  +  p  +  2)  (i  +  p  +  4:)(i  —  p —  1)  (i  — p  —  3) 

^  "  0  -  +  ^  +  -r  p  _  s)di- p-5')(yi  +  p  + 4)  {n  +  p-\- 6)  '  '  ' 

where  c  and  the  coefficients  A  have  the  same  value  as  before.  The  last  term  of  the 
series  is 


A._„ 


[(i  +  p  +  2)(t  +  p  +  4)  ■  ■  ■  (2i  -  I)]  ro  +  p  +  I)  ({  -  p  -  3)  ■  .  ■  2] 

[(n  —  p  —  3)  (n  —  p  —  o)  ...  (n  —  t)]  [(n  +  p  +  4)  («  +  p  +  6)  .  .  .  (ft  +  i  +  1)]' 


To  obtain  JQ^iP,  dp,  we  need  only  put  p  =  0  in  the  previous  investigation.  This 
gives  : 

(T  2  .  <T  .  a  —  2 


A,,  —  cr,  A.1  — 


9  9 


f"Qr.P,d/x= 

j-i 


{n  +  (n-2)ll 


(n-cT)l'.(n+l):i  0 

if  i  and  cr  is  even,  and 


A.  =  --- 


A„-A.— nW!_r+A. 


<r-f4.<r  +  2  .  a  .  cr  —  2.cr  —  4 


~  71  — 2  .n-j-  3 


2.4. 2.4 

i  .1  —  2.'!.  + 1.1  + 9 

ft  —  2. ft  —  4.71,  +  3.ft  +  5  ' 


I  ^  Ao 

if  or  is  even  and  i  odd.  Thus,  if  i  be  even 


ft  —  o  7t  +  4 


+  A.^ 


i  —  l.i  —  3  1+2. i  +  4 
71  —  3.11  —  5  /i  +  4 . ft  +  6 


f"'Q,;P.  dp  =  4, 

•'-1 

r+i  .  '  ■ 

I  Q/i^Pj  dp  —  8  [(71  3  .  71  “  1!)  —  3  (i  .  1  “h  l)J, 

r+i 

|_^Q/Pi  dp  =  12  [(?!  4-  5  .  74  +  3  .  n  —  2  .  71  -  4)  —  8  (i  .  1  +  1  .  n  +  5  .  71  -  4) 

“h  10(4.  7  —  2.  I  ^ 


and  if  i  be  odd  ; 
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[  ^Q/P.  =  4, 

£ dll  =  8  [{n  +  4  .  ?i  -  3)  -  3  (i  +  2  .  {  -  1)], 

I  Q/Pi  dix  =  12  [(n  +  G  .  n  +  4 .  n  —  3  .  71  —  5)  —  8  (i ~  1  •  +  6  .  —  5) 

+  10  (i  +  2  .  ^  +  4  .  ^  -  1  .  7  -  3)]. 

The  equations  do  not  hold  for  i  =  n  as  has  already  been  explained. 


8. 


+  1 


r  +  l 


Q'sin  c/p,,  Ql  cos  1^9  dn. 
•1  .'-1 


These  important  integrals  are  obtained  in  two  different  forms  according  as  or 
the  trigonometrical  functions  are  expressed  in  terms  of  the  powers  of  sin  9.  In  the 
former  case  the  problem  reduces  itself  to  the  evaluation  of  integrals  of  the  form 

siiff  ^  sin  r/p  and  [  sin^  (9  cos  d  sin  dd. 


It  may  easily  be  proved  that 

r+i  .  .  r-i  ’ 

siiP^sin  rj9  da  =  (—})■  c  ^  -  ,,  -  ,  ,  when  p  is  odd, 

_i  ^  ^  ^  '  (\  + 1 +p)!:(\  + 1 -p):i  ^ 

=  0  when  p  is  even. 


a: 


I  ’’  ( A  +  1 V 

siiOdcospd./p  =  (- i)-c  - — ^ ^  ^ 

-1  ^  ^  ’  (A  +  1  +  p) :  HA  -h  1  -  p) : 


=  0  when  p  is  odd. 

r+l  .  .  ’■+- 

sin^~'  9  cos  9  sinpd  dp  =  (  —  1)  -  cp 

■  -1 

=  0  when  p  is  odd. 
sin^“'  9  cos  0  cos 2)9  dp  =  [  —  1)  -  cp 


-  when  p  is  even. 


....  . - when  p  is  even, 

( A  -|-  1  +  p)  •  •  (A  +  1  —  p) . . 


-1 


(A  +  1  +  p):!(A  i-  1  -p)! 


-  wlien  p  is  odd. 


=  0  when  p  is  even. 

In  these  equations  c  is  equal  to  2  or  v  according  as  (p  +  X)  is  even  or  odd. 
From  the  results  of  §  7  we  may  now  write,  if  n  —  cr  be  even  and  ^7  odd. 
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(•+1 

I  Qlsin 2^6  djji 


^  VP  ^  __  I  y  '2^  (ft  +  O') !  1  («-  +  A  —  1) ! ! 


1 


Ass  O’ 


+  1 


=:cN^->(-  1) 


(n  —  a  —  1)  ! !  (u  —  X) ! !  (A  —  c) ! !  (A  A  a)  0 
^+^>,-^,1  (>i  +  (t)  : !  +  A  -  1)  :  !  (A  +  1)  ! 


shd  0  sill  i:>0  dji 
1 


A  =  cr 


(?i  -  (T  -  1)  !  !  {n  -  Aj  ’  !  (A  -  (t)  : !  (A  A  cr)  !  !  •  (X+  1  +p) !  I  (A+  1  -??)  ! !  ‘ 


When  p  and  n  —  cr  are  both  even  the  integral  vanislies. 
If(n  “  cr)  be  odd  and  even, 


A  --  cr 


r+i 

Ql  sin  2)0  dp 

•  -1 

X~i}  —  1 

=  s<=>  (-  1) 

A  =  cr 

A  =  *;-l 

=  cv  N'"'  ( “  1 ) 


1 


+  1 


(a  +  <r  —  1 )  1  !  (?z  +  A) !  I 
(u  —  a)  '.'.{a  —  A  —  11 1 !  (A  —  cr)  1 !  (X  +  o')  !  !  j 

+  0-  _  1 )  '  ;  (>i  4-  A)  ; '  (X  +  1)  ! 


cos  6  siiH  9  sin  p9  dp 
1 


A=:  (7 


(?i  -  cr) ! !  (a  -  X  -  1) !  '  (X-(t)  :  :  (X  +  fx) : !  (X  +  2  +p)  l\{X  +  2-p)ll' 


It  will  be  noticed  that  the  integral  is  zero  whenever  (a  +  o"  +  v)  is  even.  Hence  if 
sinpd  is  expressed  in  terms  of  tesseral  functions,  p  ])eing  even,  only  odd  values  of  ji 
occur  when  cr  is  even,  and  only  even  values  when  cr  is  an  odd  iiuml)cr.  The  reverse 
will  be  the  case  when  is  odd. 

We  find  similarly,  if  (n  —  cr)  is  odd  and  p  odd. 


r  +  l 

I  cos pd  dp 


1  “  1)  Etft  +  X)!_! 

A  — cr 


•+1 


1  r- 

- ; - cos  0  sin^  0  COS  p0  dp 

(a-cr)’:(/i  -  X  -  (X-  cr)::(X  +  cr)!!  ^  ‘ 


A  =  -<-I 

-cp  (-1) 

A  =  (7 


+;>-<r-i  4  o-_  I  )  ;  ;  4  x) ! ! 


+  1)! 


(u  —  cr)  !  !(7i  —  X  —  I)  !  !  (A  —  cr)!!(A  +  cr):.(A42+p):.(A+2  — 20  ^ 
and  when  n  —  cr  and  p  are  both  even. 


+  1 


-1 


Ql  cosp0  dp 


"  (/i-(r-l)!!(ft->)!!(A-(r)!!(A4cr)!!(A  +  l+y)!!(A  +  l-70!!’ 

M^hen  n  --  cr  +  y)  is  odd  the  integrals  vanish  for  all  values  of  p. 

We  may  now  prove  the  theorem  which  has  been  mentioned  in  the  first  paragraph. 

If  cr  and  p  are  both  even,  |  Q^sin^dc/p,  is  zero,  unless  n  is  odd.  In  that  case  the 

quantity  (A  fi-  2  —  ji)  !  I  which  occurs  in  the  denominator  will  be  even,  as  A  takes  up 
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successively  the  values  o-,  cr  2,  &c.  The  highest  value  which  X  +  2  —  p  can  take 
is  -h  1  — and  this  is  negative  when  p  >  «  -r  1.  It  follows  that 

r+l 

sin  pd  d/ji  —  0  when  p  >  ti  I  and  cr  is  even. 

J-i 

The  restriction  that  p  is  even  is  not  necessary,  because  when  p  is  odd  n  will  be  even 
and  the  factorial  in  the  denominator,  according  to  the  above  equations,  is  {X-|-l — p)  \  1 
This  again  will  be  infinitely  large  whenever  it  is  negative,  or  taking  the  highest 
value  of  X,  which  is  now  n,  whenever  p  '>  n  1. 

We  prove  exactly  in  the  same  way  that 

r+l 

Qfj  cos  p>d  dfji  =  0  when  p  >  li  fi-  1  and  cr  is  odd. 


The  value  of  the  integrals  in  the  general  case  may  conveniently  be  expressed  by 
two  series  and  Eo  defined  by 

(71  —  p  +  1) ! !  (n  +  p  +  1)  ' !  (n  —  cr)  !  ^  (n  +  a)  (?i  —  cr)  (n  +  p  +  1)  (n  —  p  +  1) 


+ 


■V  rz:  1  _ 

(2?i  -  1) ! !  (71  +  1)  !  “  2  .  71  +  1  .  n  .  2?i  -  1 

(n  +  a)  (71  +  a  — 2)  (n  —  cr)  ( n  —  cr  —  2)  (n  +  p  +  1)  (n  +  p —  1)  (71  — p  +  V)  (;n  —  p —  \) 


2 . 4 


71  +  1  .  .  -71  —  1  .  71  —  2 


271  -  1  .  271  -  3 


(?1  —  p  +  1)  1 !  (71  +  p  +  1) ! :  (ti  —  0-) ! 


E,  =1 


(n  +  cr  —  1)  (71  —  O'  —  1)  (ti  +  p  +  1)  (71  —  ^7  +  1) 


+ 


(2?i  —  1)  ! !  71 !  p  "  2  .  71  .  71  —  1  .  271  —  1 

(71  +  cr  — I)  (n  +  a  —  o)  (71  — cr  — 1)  (71— cr  — 3)  (7i-|-p  +  l)  (?7  4-p  — 1)  (ti— p  +  I)  (ti— p  — 1) 


71  .  71  —  I  .  71  —  2  .  71  —  3 


271  -  1  271  -  3 


Then 

r+l  _  «-5+r-i 

sin  2^0  d+  =  {—  \)  "  c  Ej  if  p  be  odd  and  n  +  cr  is  even. 

•'-1 

n  —o-T- p+  1 

=  ( —  1 )  "  c  E^  if  2-*  be  even  and  w  +  cr  is  odd. 

=  0  whenever  ?i  +  2^  “b  even. 

I  cos  pB  dp  =  { —  ] )  "  c  E^  if  p  be  even  and  ti  +  cr  is  even. 

^  —1 

»  — <r  +  p+2 

=  (  —  1)  '  c  E^  if  p  be  odd  and  ii  +  cr  is  odd. 

=  0  whenever  «  +  p  fi-  cr  is  odd. 

The  constant  c  takes  the  value  2  or  tt,  according  as  p  +  n  is  even  or  odd.  The 
series  Ej  and  E^  break  off  iu  all  cases  ultimately  wlien  one  of  the  factors  of  the 
products  (71  =  cr)  .  (71  —  cr  —  2)  .  .  .  or  (t?  —  cr  —  1)  (n  —  cr  —  3)  .  .  .  become  zero. 
When  n  —  p  is  odd,  the  series  may  break  off  before  it  has  reached  its  full  number  of 
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terms,  owing  to  one  of  the  factors  in  the  product  (n  —  i)  {n  —  p  —  1)  .  .  . 
becoming  zero.  In  the  special  case  n  =  cr  the  value  of  reduces  to 

(2n-  -  1)  ! !  (n  +  1) !  _ 

(n  —  p  +  1) ! !  {v  +  p  4-  1)  I ! 

The  above  equations  are  inconvenient  for  numerical  calculations,  unless  n  —  cr  be 
small,  or  —  p  be  even  and  small.  We  obtain  quite  different  and  generally  more 
convenient  expressions,  if  we  begin  by  expressing  sin  pd  or  cos  p6  in  terms  of  a  series 
proceeding  by  powers  of  sin  6. 

Let 


T3_1.-R  .p  —P~  .  p  _  p  -  2  .p  .p+  2 

Lq  —  1  5  Lj  —  ,  Ho  —  ^2  >  L,  —  12  3 


and  generally 


=: 


(p  —  A  +  1)  (p  —  A  4*  3)  .  .  .  (p  +  A  —  3)  (p  +  A  —  1) 


A  1 


Also  put 


_  (p  4-  A 

“  (p  -  A  -  1) !  !  A  !  ■ 


C„=l;  G,  =  p.-,  C,  =  p.N  C,=p. 


p  —  1  .  7?  4-  1 


;  =  P  . 


p  —  2  .  7)  .  p  4-  2 


=  V 


1.2.3  ’  ■  4 ; 

(77  —  A  4-  2)  (7J  —  A  +  4)  .  .  .  (p  +  A  —  4)  (t^  4-  A  —  2) 


A  ! 


p  (p  +  A-2)!! 


A !  (p  -  A) ; ; 

Then  the  well-known  expressions  for  the  trigonometrical  functions  of  the  multiples 
of  an  angle  may  be  written  : 

If  j)  be  even  : 

sin  p^I 


cos  6 


=  sin  6  —  Bo  sin^  6  -f  B-  sirr'  6 


cos  pO  —  Oq  —  Ch  sill'  6  +  sin'*'  0 
and  if  p  be  odd  : 

sin  p6  =  C|  sin  6  —  sin^  0  C-  sin'"*  0 

cos  p9  ^  d  +  Bi  siiB  0 

cos  O’-  'I 

We  derive  from  this,  p>  being  even  : 


±  B^_i  sliH  *  0, 

±  Cy  siiH  0  ; 

dz  sini"  0, 

zh  B^_i  sin^~*  0. 


+1 

-1 
+  1 

( 

-1 


A  =  /.<  —  I 


A-1 


sin  p0  c/p  —  2*-*  (—  1)  '  1\  sin'^  0  cos  0  dp 


A=1 


\=p 


+ 1 


-1 


Q;;  cos  p0  dp  =  S'-’  (—1)  Cm  siiH  0  dp, 


A  =  0 


+  1 
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and  p  being  odd  : 


sin  pO  dp  =  S''''’  ( 

-1  ’  A=1 


1)"  C,  f  Q;  sin‘ 0  c?,., 

o  r+1 . 

Qh  cos  jjd  dp  =  (—  !)■  I  Q;;  sin^d  cos  6  dp. 


A  =  d— 1 


Hence  from  the  results  of  §  4,  if  p  be  even  and  (n  —  cr)  odd  : 

J-1^'  ..1  ^  (Ji  -  tr- I):;  (it  +  X +  X  -  L>);.- 


Tlie  constant  c  is  2  or  rt,  accordino;  as  a  is  odd  or  even. 


If  n  be  odd  and  n  —  cr  even,  and  witii  the  same  meaning:  of  c  : 

cr* 

I  sin  pO  dp  =  c  ( -  I )  0,  2)!!(c7  +  X)!! 

J-i  ^  ^  x=i  '  ^  {n  _  cr  )  ' :  (7Z  +  A  +  ] )  ; :  (cr  -  A  -  2)  ;  ■ 

Similarly  if  p  and  n  —  cr  are  both  even, 


f  Q.::  cos  pO  dp  -  ^  1  ^  ^ - 2)^(cr^) ! ! 


\=p 

c  N-'-’'  /„  i\--f  n 

\Zo  ■  ’  "(a-cr):;(n  +  A+  l);:(<r-A-2)!:’ 


and  if  'pj  and  ?i  cr  be  both  odd, 


cos p9 dp  =  c  (-  1)"^^  B,  - +  — N)iL(.^±^)_lL 

— 1  A=o  {'ll  —  cr 


■i):i  (7i  +  A  +  2)!!  (cr  -  A  -  2)::  ■ 


In  the  two  last  equations  c  is  ecjual  to  2  when  cr  is  even  and  equal  to  tt  when  cr  is 
odd.  In  the  interpretation  of  the  summation  a  little  care  is  required  when  cr — X— 2 
and  n  ~  X  —  2  or  ?i  —  X  —  3  are  negative,  as  the  alternate  factorials  are  infinite  for 
even  values  of  the  argument. 

To  put  the  ecjuations  into  a  form  useful  for  numerical  calculations,  it  is  convenient 
to  designate  by  separate  letters  the  following  six  series  : — 


(T  ~  o  .  a 


1  .  cr  +  1  .  er  +  3 


+  a 


TZ  —  0  .  -f-  4 

cr  —  5.cr~3.cr  —  l.cr  +  l.cr  +  3.cr  +  5 
71  —  3  .  ?i  —  5  .  +  4  .  ?i  +  G 


=  B, . 


cr 


1  .  cr  -fi  1  —  Bj 


cr  —  o  .  a 


1  .  cr  “f-  1  .  cr  T  c> 


B= 


?z  —  4  .  ?(.  +  3 

cr  —  3.  cr  —  3.  cr—  l.cr  +  l.cr  +  3.cr 
7t  —  4 . 71  —  G  .  71  +  3  .  71  +  7 


T-ff  —  rf  _  O'  —  2.cr.cr+2  ,  ^cr  —  4.cr  —  2.cr.cr+2.cr  +  4 

U,,  r=Vio.cr  — "  Lo  r,  ,  o  “T  Uj 


7Z  —  2  .  77  +  3 


77  —  2  .  71  —  4 . 7Z  +  3  .  77  +  3 
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rr  Bocr  —  B  , 


(J  —  2  .  cr  .  (T  +  2 


n  —  2  .  «  +  4 


+  B4 


cr  —  4.  O'  —  2.(T.cr  +  2.cr  +  4 
n  ~  o  .  n  —  b  .  n  +  4:  .  n  +  C) 


K;;  =  c.  -  c, 


71+2  —  a  .  71  +  2  +  a 


+  2  Cf  C) 


n  +  3 


+ 


71  +  2  ~  <T  .  n  +  —  <T  .  n  +  2  +  cr  .  n  +  A.  + 


‘n  +  i 


2.4  2h  +  3  .  2)1  +  5 


N;:  =  B„_4  -  B 


/'+i 


n  +  1  —  a  .  71  +  1  +  0- 

2  .  2?i  +  3 

W  +  1  —  <r  .  ?i  +  3  —  cr  .  n  +  \  +  a  .  7i 


B 


+  3  + 


/i  +  3 


2.4  2?i  +  3  ,  2/i  +  5 


Tlie  series  are  all  continued  until  they  break  off,  which  may  liappen  either  because 
the  factors  B,  C,  or  one  of  the  other  factors  takes  zero  value. 

With  the  help  of  the  functions  just  defined,  the  integrals  now  take  the  form 

^ '  /~v  •  /I  7  (71  +  (7  —  1)  ;  ;  frt'  —  3)  •  •  TV  r  •  P  ^  T  1 

^A\\  J)0  a IX  =  77 — 7 - —7 — AJ;;  n  a  be  even,  2^  otld,  n  even. 

-1  O*-  —  O-;  ;  ; 

(71  +  cr) ! !  («  —  4)  ! ! 


=  77 


-  S;i  if  (7  be  even,  p  even,  n  odd. 

[)l  —  (7  —  Lj  :  :  y/l  +  OJ  ;  . 

(}i  +  (T  —  1) ! !  (?7  —  3) ; :  I  /  _  1  \  '^  +  O')  ’  T-, 

(n  -  a)  1 1  Oi  +  2)11  "  ”  +  (  )  '  (2n  +  1 )  ! ' 


(/!.  +  o-);: («  —  4):!  o.,  ,  /  . 


I  cos  pO  (//X  = 


_(;t-cr  !)!;(»  + 3)!! 

0  if  7i  +  cr  +  p  be  even. 
p0/  +  .7-l)!ffn-2)!!  , 


if  a  be  odd,  p  odd.  71  odd. 

N: 


(n+a)l 


(2)1  +  1)’  ! 
if  cr  be  odd,  p  even,  n  even. 


L  {n-a)ll())  -  l):i 


(2«  +  1)  : ! 

if  (T  be  even,  even,  11  even. 


())  +  a)\l()i  -  3) :  !  ,  /  _  ,  + 

+  2)';  "  ^  '  (2/;  +!)!:"_ 


if  cr  1)6  even,  p  odd,  n  odd. 


=  77 


77  ^  ^  U ;;  if  cr  be  odd,  p  even,  r?  odd. 

()l  —  cr)  .  1  (n  +  1)  ;  . 

(n  +  a)ll  (71 -0)11 


{71-  a  -  1)1  \  (71  +  2)  ! ! 


7—;  if  cr  be  odd,  px  odd,  7i  even. 


=  0  if  n  +  or  +  2^  be  odd. 

2  r> 
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By  comparing  these  last  equations  witli  the  results  obtained  when  the  same 
integrals  were  expressed  in  terms  of  the  series  and  ■'^"e  may  derive  tlie  following 
special  values  ; 

=  0  if  or  l)e  even,  p  odd,  n  even  and  p  ^  +  3, 

=  0  ,,  cr  ,,  ,,  iJ  even,  n  odd  ,,  p  =  n  +  3, 

\jI  =  0  „  o-  „  odd,  p  „  n  „  „  p  =  n-{-  3, 

=  0  ,,  cr  ,,  ,,  p  odd,  11  even  ,,  P^n  3. 

The  two  series  marked  and  had  to  be  introduced  because  the  series 
for  Mb  Sh  Uh  break  off  as  soon  as  one  of  the  factors  becomes  zero.  But  in  the 
original  summation  which  gave  rise  to,  e.g.,  M^,  viz.  ; 

{n  ^  or -l)\\(n-\~2y:.«T +  \)\\ 

A=i  {it'  —  cr)'!  («  +  A,  +  1)!I  (cr  —  A  —  2)!' 


(o-  —  X  —  2)1!  begins  to  he  infinite  when  X  =  a,  and  hence  the  terms  of  the  series  will 
drop  out  until  (n  —  X  —  2)  is  negative,  i.e.,  until  X—v.  For  higher  values  of  X, 


'  ”  ^  i)  veil!  be  finite  again. 

(0--A-2):'  ^ 


There  is,  therefore,  a  second  portion  of  the  series 


not  included  under  Mfi  and  it  is  this  second  portion  which  aj^pears  as  Kj!. 


§  9.  Iiclations  hetiveen  Mj!,  S^,  Uh  Vy 

Certain  relations  exist  betAveen  the  series  Avhich  serve  to  ex2:)ress  the  integrals 

Ql  co^  pddp.  and  Qn  sin  c/g,  and  these  relations  are  important  for  the 
■-1  J-i 

calculation  of  numerical  tables. 

Starting  from  the  equation  (F,  §  2) 

QH  —  Ci-2  =  (u  -f-  cr  —  2)  (jl  -}-  cr  —  3)  Qli_;  —  {il  —  (T  -|-  2)  (?l  —  cr  -|-  l)  QH  , 

AAe  may  multiply  by  cos  pjd  or  sin  pd  and  integrate  on  both  sides.  Expressing  the 
r(!sult  by  means  of  the  ahoA'e  series,  Ave  obtain  the  folloAving  set  of  equations ; 

(„.  -f  o-  -  1)  (;i  _  .3)  M:  -  {n  ~  (t)  {n  +  2)  Xl):_, 

=  (?i  +  a-  -  2)  {n  +  2)  MUi;  -  (n  -  cr  +  l)  [n  -  3)  Mr' 

{n  +  cr)  (n  -  4)  ~  (a  -  cr  -  l)  {n  +  3)  S:;_, 

•  =  (n.  +  cr  -  3)  {n  +  3)  S^Is  (u  -  cr  -f  2)  [n  -  4)  Sr" 

(a  -r  cr  ~  1)  [n  —  2)  Ujl  —  (a  —  cr)  (a  +  1)  Ur^ 

=  (a  +  cr  -  2)  (a  +  1)  Ur?  -  (a  -  cr  +  1)  {n  —  2)  Ur" 

(n  -f  cr)  (a  —  3)  Y;:  —  (a  —  cr  —  1)  (a  +  2)  Yr2 

=  (a  +  cr  -  3)  (a  +  2)  -  (a  -  cr  +  2)  (7i  -  3)  Y,r- 
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Other  relations  are  obtained  as  follows  ; 

[  Q,;^  sin  2^^  d[x  =  [  sin  6  sin  p0  cW  ■=-  [  cos  p9  ~  sin  0  d0 
J  — 1  Jo  P  i  0 

1  r  cl 

= - cos  p0  sin  0  da, 

■p  i -I 


and  making  use  of  (H.j),  §  2, 
1 


=  “  [  cos  p>0  [(o-  +  1)  (n  +  0-)  {n  —  cr  -f.  i)  „  (o-  „  i)  Q-+i] 

ipa-  J  _i 


If  cr  be  even  and  n  odd,  the  integral  on  the  left-hand  side  depends  on  Sh  while 
that  on  the  right-hand  side  depends  on  and  For  cr  even  and  n  even,  the 

left-hand  side  may  be  expressed  by  Mb  and  the  right-hand  side  by  and 

i'  + 1  _ 

Treating  the  integral  Q^cosy)d(;//r  in  the  same  way,  and  collecting  the  results,  we 

-'-1 

find  : 

'2p(jM.l  =  (o-  -f  1)  (n  -f  cr)  (u  —  o-  +  1)  Vr'  —  {a-  —  1)  {n  +  a  1)  (n  —  cr)  j 
2pcrS^  =  [n  —  2)  [n  -fi  3)  [(cr  1)  L  ^  ^  —  (cr  i) 

2po-U:  =  -  ~  +  o-  +  1)  («  -  0-)  sr' 

_(.+  !)(,  +  .)(.  _.+  l)Sn 

2pcTY:  =  (cr  - 1)  Mr'  -  (o-  -F 1)  Mr' 

We  mav  also  connect  together  the  different  values  which  the  same  function  assumes 
for  different  values  of  p)- 
Starting  from  the  identitv 

O  t/ 

[.  [sin  (;)  -f  1)  ^  —  sin  {p  —  1)  0]  djx 
-  —1 

r+1 

=  2  sin  2)0  cos  0  dp 

--1 

we  find,  transforming  the  right-hand  side  with  the  help  of  equation  (A),  §  2,  the 
integral  to  he 

=  AtVi  f  ”  cr  -F  1)  QAi  +  (n  +  cr)  Qri]  sin  p0  dp. 

Three  other  equations  may  he  obtained  corresponding  to  this  ;  l.)y  substituting  the  -F 
for  the  —  sign  in  the  left-hand  sign,  or  by  changing  the  sine  function  into  the  cosine 
function.  Each  of  these  three  equations  gives  two  relations  according  as  cr  is  even  or 
odd.  The  following  eight  relations  are  thus  obtained  : 

2  D  2 
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hi  +  1 


ip  +  1)  +  S;  (p  -  D)  =  (r.  -  2)  ^1%,  ip)  +  in  +  3)  {p), 


2n  +  1 


—  1)  +  -  i))  -= 


.T  (S;  (,.>  +  1)  -  s:  (p  -  1)) 


— .X'(r:0>  +  i)  +  u:(;)-i)) 


’''.T’(V;(,,  +  i)  + v;(^,-i)) 


(?t  +  (T  +  ]  )  (/?  —  (7  +  1)  ^  , 

-  ^-'+1  i.p) 


>/  +  4 

0/  +  cr)  (rt  —  a) 


+ 


II  —  o 


s:  (;>). 


(v2  +  cr  -f-  1)  —  1)  ^  (p) 

—  [n  —  cr)  [n  +  2)  \-Pp\  (p), 

{n-\-a  +  2){n--2}YZ\ip) 

—  (n  —■  cr  —  1)  (ii  ■-{-  3)  (2)), 

(/i+cr  +l)(/i  —  cr  +1)  ,  z 

(//  4-  a)  in  -  (7) 
n  —  2 

{I<  -l)l^UAp)  +  {'-‘  +  i)^'U{p). 


---.F’  (u:(/>  - -  vtAp  + 1))  =  “-t 

-I  n  o  ii  — 


(V;(,>  -  n  -  v;:(/,  +  i))  =  (p) 


n  —  cr  —  1 


U  —  .) 


S:  ■  1  (i>). 


§  10.  Xumcrical  Calculations  of  the  Four  Series. 


For  llie  calculation  of  tljc  nninerical  values  r)f  the  series  tlie  special  case 

cr  =  0  was  taken  as  starting-point.  Tn  this  particular  case  the  well-kiunvn  Integral 


+  1 


P;iCm]j9<lp  =  —  TTjy 


ill  +p-2)ll  ill  -  p -2)  l\ 


-1  {r  -H  p  +  1)  M (/;  —pi  4-  1)  1 ! 

which  holds  when  71  +  is  odd  and  n  —  1,  gives 


W. 


n  : !  +  2)  1 ! 


.„  3) ; ;  P  (n  +  ^,  +  1)  : :  (,,  _  ^  +  1)  ! ! 


ill  -F  p  —  2)  !  1  (n  ~  p  ~  2)  ! ! 


;  when  n  is  even  and  j)  odd. 


The  values  of  M°  were  calculated  hy  this  equation  for  all  values  of  -p  up  to  and 
including  =11,  and  for  all  values  of  71  up  to  and  including  12.  The  first  of  the 
equations  K,  §  9,  was  then  applied,  and  substituting  cr  =  2,  )i  =  2,  and  Mo  =  0,  the 
value  of  Mo  was  calculated.  Sinillarly  putting  11  =  4,  G,  iScc.,  the  values  of  Mf,  for  even 
values  of  n  were  all  tabulated.  By  successive  steps  1  similarly  found  Mf,,  Mil,  ‘kc.,  up 
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to  M}1  The  last  value  so  obtained,  and  some  of  the  intermediate  ones,  were  calculated 
independently  from  the  series  defining  M,  numerical  errors  being  easily  detected  in 
this  wav.  The  values  of  Sh  Uy  were  dealt  with  in  a  similar  manner.  As  a 
final  check,  the  values  of  Sfl  and  were  obtained  from  and  by  means  of  the 
second  and  fourth  of  the  equations  (L). 


§  11.  Application  of  the  Previous  Results  to  the  Expression  of  Functions  hy  Means 

of  a  Series  of  Spherical  Harmonics. 

The  results  obtained  in  this  investigation  lead  to  a  new  method  of  calculating  the 
coefficients  of  the  series  of  spherical  harmonics  which  represent  a  function  F  of 
spherical  co-ordinates.  If  the  values  of  this  function  are  given  for  all  points  of  a 
sphere,  the  coefficients  of  the  term  involving  Tfi  is  known  to  depend  solely  on  the 
integral  j’FTfi  r/8  taken  over  the  surface  of  the  sphere.  This  theoretically  perfect 
proceeding  has  to  Ije  modified  in  practice  when  the  values  of  F  are  known  only  at 
definite  points,  so  that  the  intermediate  positions  liave  to  be  evaluated  hy  a  process 
of  interpolation  on  the  supposition  tliat  F  is  continuous  everywliere. 

All  methods  which  have  been  applied  so  far,  sufier  from  tlie  serious  inconvenience 
that  the  method  of  least  squares  is  applied  in  such  a  way  as  to  make  the  value  of 
the  coefficients  of  lower  degrees  depend  on  the  number  of  terms  whicli  are  taken 
into  account.  That  is  to  say,  the  coefficients  are  not  independent  of  each  other  as 
they  ought  to  be. 

A.  method  suggested  by  F.  E.  Neumann,  Avhich  is  free  from  this  defect,  introduces 
other  complications,  and  has  never,  as  far  as  I  kno'w,  ])een  applied  in  practice. 

The  theorem  of  §  8  oilers  a  simple  solution  of  the  practical  difficulties,  and  reduces 
the  whole  problem  to  an  expansion  Iry  means  of  Fourier’s  analysis,  which  can  be 
carried  out  either  hv  the  well-knoAvn  process  of  calculation,  or  by  mechanical  means. 

Let  F  be  expressed,  in  the  first  place,  for  different  circles  of  latitude  as  a  series 
proceeding  by  cosines  and  sines  of  the  longitude  and  of  its  multiples.  This  first 
step  is  common  to  all  methods. 

The  result  may  l)e  expre.ssed  symbolicallv  bv 

F  =  /<"  -F  K  cos  (f)  +  K'  cos  A-  •  ■  ■  +  sin  f  -f  K-  sin  '2<j)  +  .  .  .  , 

wliere  P,  S,  K/,  K-  .  .  .  :ire  functions  of  the  colatitude.  If  their  values  are  known 
at  ij  —  1  equidistant  circles  of  latitude,  and  at  the  poles,  we  may  detei'mine  the 
coefficients  upland  uf  Avhich  satisfy  the  equations 

k"'  =  0(1  a  I  cos  0  -|-  aZ  cos  2$  E  •  •  •  <  C'ls  p9  f  .  .  .  a^^^  cos  qO, 

=  E  +  E  cos  0  -h  «.T  cos  20  E  .  .  .  rf,  cos  2j9  E  •  •  •  “I 

If  we  give  to  9  the  successive  Auilues  0,  vlq,  2Trlq  .  ,  .  qrr/q,  we  shall  have  ^  +  1 
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equations  to  determine  9'  +  1  coefficients.  The  solution  is  conducted  according  to 
well-known  rules,  making  use  of  the  j^roposition  that,  if  p  and  s  are  integer  numbers 
smaller  than  q, 


2.S7r 


1  ,  p-TT  SIT  ,  pOTT 

■k  +  COS  —  cos - h  cos  —  cos  - 

q  q  q  q 


+  . 


I  (?  —  (?  — I)s7r 

d-  cos  - cos  - -  - 

2  2 


+  ^  cos  p-n  cos  HTT. 


If  p  and  5  are  equal  to  each  other  the  sum  on  the  right-hand  side  is  equal  to  \q. 
The  factor  ^  of  the  first  and  last  term  should  be  noted.  If  we  designate  by 
Kq,  k^,  k.^  ■.  .  .  Kg,  the  value  of  k  for  6—0,  and  at  the  successive  circles  of  latitude,  it 
follows  tliat 

Q 

'.7  =  T  (<  +  /c,!  cos  p-rr)  +  S  <  cos  spir^q. 


The  condition  under  which  the  coefficients  are  determined  is  that  the  coefficients  of 
the  Fourier  series  higher  than  0“  are  zero.  It  will  he  noted  that,  even  if  we  suppose 
some  of  the  lower  coefficients  to  vanisli,  the  ecjuations  will  still  give  thof<c  values  for 
the  remaining  coefficients  which,  according  to  the  method  of  least  squares,  fit  in  best 
with  the  assumed  values  of  k,  but  that  in  the  calcidations  half  weiolit  onlv  is  olven 
to  the  values  at  the  two  poles. 

[The  above  method  of  obtaining  the  coefficients  a^,  which  is  identical  with  that 
in  common  use,  when  the  range  of  6  is  27r,  is  convenient  whenever  the  function  to  be 
analysed  is  known  at  eveiy  point  of  the  sphere,  so  that  the  coefficients  k  and  K  may 
be  determined  for  a  siifficient  number  of  equidistant  circles  of  latitude.  But  other 
methods  are  available,  and  hence  the  process  of  obtaining  the  coefficients  of  the 
series  of  spherical  harmonics-  which  I  am  endeavouring  to  explain,  is  not  restricted  to 
cases  wliere  the  original  function  is  known  everywhere  ;  provided  it  is  continuous, 
as  wmll  as  its  derivatives  over  the  surface  of  the  s})here.  Graphical  interpolation 
may  be  employed  to  determine  the  function  at  unknown  points  with  sufficient 
accuracv,  and  there  are  several  wood  mechanical  devices  m  existence,  bv  means  of 
which  at  any  rate  the  lowest  and  most  important  coefficients  of  the  Fourier  series 
may  be  found.  It  will,  in  some  cases,  materially  lielj)  tliis  process  of  interpolation  if 
it  is  remembered  tliat  continuity  at  the  pole  involves  the  vanishing  of  all  the  values 
of  K-  and  K  except  — August  2,  1902.] 

Having  calculated  the  coefficients,  the  reduction  to  spherical  harmonics  is  made,  by 
substitution  of 

cos  po  =  -f  +  .  .  .  A;_iQ;-i  +  .  .  .  A:Q:i  +  .  .  .  , 

where  the  values  of  Al  mav  be  calculated  and  tabulated  once  for  all.  Bv  the 
theorem  of  §  8,  all  coefficients  vani.sh  up  to  and  inclusive  of  AA2  if  o-  be  odd,  so  that. 
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the  spherical  harmonic  of  degree  n  will  only  depend  on  the  Fourier  coefficients 
cip,  for  which  p  is  equal  to  or  smaller  than  n  •+  1-  When  cr  is  even  we  secure  the 
same  advantage  by  developing  k'^  and  K"”  in  terms  of  the  sine  functions,  and  we 
write  in  that  case  : 


k’^  =  hi  sin  6  d-  &.T  sin  . 

K""  =  (Blsm  0  +  yS.t  sin  2d  +  .  .  . 


hi  sin  p6  . 

^l  sin  pd  +  .  .  . 


and 


sin  pd  =  .  b^q:  +  . . . 

To  calculate  finally  a  coefficient  such  as  B;^  we  proceed  in  the  usual  way,  thus  : 

I  sin^id  djx  =  +  <^)  • . 


1)1  +  1  {)i  —  a)\ 


Therefore 


B 


cr 


^4^  ^  -  1) : !  ()i  -  3) : : 

2  (»  +  ^) ; :  („  +  2) ! : 

2n  +  1  (a  -  a)  1 1  (n  -  4)  '  ; 

^  2  (a  +  (7  -  1)  !  I  (//  +  3)  1 ! 


when  ii  is  even  and  cr  is  even 


nSl  when  n  is  odd  and  cr  is  even. 


Similarly 


A 


<r 

/». 


2//  +  1  (a  -  cr)  I !  («  -3)1! 

2^  '  (n  +  <r  -  1)1!  (a  +  2)11 

271  +  1  (a  -  <7  -  I)  1  !  (71  -  2)  1 ! 
2  ^^  (71  +  a)!!  (w  +  1)1! 


ttYI  when  71  is  even  and  cr  is  odd 


when  n  is  odd  and  cr  is  odd. 


Combining  equations,  we  find  that  if  denote  the  coefficient  of  tlQl  cos  acjj  in  the 
development  of  F,  and  Jd,  the  coefficient  of  sin  acf), 


2/i/  -j- 

1 

(a. 

— 

cr)!! 

(a  - 

-3)!! 

2tl 

a 

-1) 

!:(h 

_L 

1 

2)!! 

2)).+ 

1 

— 

a 

-1) 

!!  (a 

— 

2)!! 

■2C 

(a 

+ 

C7)!! 

(a  + 

1) 

f  1 

2)1  + 

1 

CT 

-1) 

!!  (a 

— 

3)!! 

2tl 

(a 

+ 

<7)!! 

(a  + 

2) 

1  1 

2)1  + 

1 

(a 

— 

<7)1! 

(a- 

1  « 

2tl 

(a 

•  + 

<T 

-  1 ) 

!!(a 

+ 

3)!! 

77  o^Yl  (p),  'when  n  is  even  and  cr  odd  and  p  odd 

7>  =  1 
7="  +  l 

77  <<l^p  ( l')>  n  is  odd  and  cr  odd  and  p  even 

;,  =  0 

p  =  /'  + 1 

77  ^iMl  (p)  wdien  n  is  even  and  cr  even  and  p  odd 

p=i 
p=n  hi 

77  hlSl  (p)  when  n  is  odd  and  cr  even  and  p  even. 

p=- 


To  obtain  hi,  substitute  a  and  /3  for  cl  and  h. 

Tlie  coefficient  tl  is  introduced  because  the  ([uantity  here  designated  by  is  not 
uniformly  accepted  as  the  standard  form  for  a  spherical  harmonic.  For  some  purposes 
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it  is  more  convenient  to  take  the  form  of  Gauss,  for  whicli  Thomsox  and  Tait  have 
adopted  the  symbol  0^^,  and  which  is  connected  with  by  the  relation 


0 


<7 


—  O')  ■ 
{In  -  1)L 


Another  constant,  which  has  been  a])plied  ])y  Adolf  Schmidt,  is  based  on  the 
consideration  that  for  numerical  work  it  is  inconvenient  to  deal  with  functions  the 
average  values  of  which  differ  considerably  from  each  other.  This  author  therefore 
takes  a  function  7"^©^  as  basis  of  calculation,  and  determines  rl,  so  that  the  average 
value  of  the  square  of  cos  cr^  over  a  sphere  of  unit  radius  is  ecjual  to  unity.  The 
function  defined  in  tliis  way  is  connected  with  0;i  and  Ql  by 


li:  =  (2n  -  1)  :  !  ^ 


/ 


€^(2n  +  1) 


(«.  +  a) :  {n  —  a)  1 


0!  = 


e^(2n  +  1)  (n  —  g-) ! 
(n  +  a) ; 


'•C/r 


where  is  etjual  to  1  tor  cr  =  0  and  equal  to  2  for  all  other  values  of  cr. 

If  a  function  is  to  be  expanded  in  terms  of  Et  we  must  therefore  write 


\/  - 


{2n  +  1)  {n  —  cr)  ’ 


{n  +  cr ) ! 


For  numerical  work  the  inti^^duction  of  IE  in  place  of  Qt  possesses  un(h)uhted 
advantages.  Although  at  first  I  was  reluctant  to  adopt  the  additioiial  complication 
due  to  the  introduction  of  a  scpiare  root  and  the  addition  of  yet  another  function  to 
those  given  l^y  previous  writers,  I  found  that  the  inconvenience  of  tabulating  values 
differing  considerably  in  magnitude  from  each  other  was  very  great,  and  I  therefore 
felt  myself  almost  com])elled  during  the  course  of  the  investigation  to  adopt  Schmidt's 
function  as  above  defined. 

AY  e  now  substitute  G  bito  the  etjuations  for  /E  and  fcid  write  : 


?/  = 


.s  = 


TT  (n  —  :V)  ; !  /2n  +  i 

2(/;+h);GV  Gr 


^  i"  -  G::  +G 

2  (a  A  ij':  V  e 

# 


TT  G  —  3  )  :  / 2li  -\- 
2  (a  +’2);!  V  E, 


TT  {n  — _4)E  A  / ^ 

2  (a  +  3):;  A  er 


A. 


V; 


(« 

+ 

a)  : 

!(a- 

-  cr); 

* 

(a 

+  cr 

— 

1): 

:  (ft  - 

-  c  — 

-1):; 

\ii 

+  cr 

— 

1); 

:  (77  - 

-  cr  — 

-1);: 

(71 

+ 

a)'. 

;(a  - 

-  a)\ 

t 

{n 

+  cr 

— 

1); 

:  {n  - 

-a  — 

■  IV 

(a 

+ 

a)l 

]  (77  - 

-  <T]\ 

» 

(a 

+ 

G! 

1  (77  - 

- 

' 

(a 

+  a 

— 

1): 

!  (77  - 

-  cr  — 

■  1):; 

Vh 

Uh 

My 


S 


rr 

R* 


wliei'e  =  1  and  =  2  if  c  >  0. 

By  substitution  of  the  values  of  V,L  &c.,  we  ]uay  also  write  more  simplv 
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=  --  11;^  cos  2^0  cl fjL ;  if  cr  be  odd,  p  odd,  n  even. 

cos^:)^cZ/x  ;  if  cr  „  „  p  even,  n  odd. 

ml  =  “  [  sin  cJ^x  ;  if  cr  be  even,  n  odd,  n  even. 
'lea-  -1 

I  r+i 

=  —  R^  sin^;d  c//x  ;  if  cr  ,,  ,,  p  even,  n  odd. 

-ff,  J  -1 


It  would  tliiis  appear  to  Ije  unnecessary  to  have  separate  symbols  for  ul  and  vl  or 
for  ml  and  si,  but  as  it  is  convenient  to  tabulate  separately  the  integrals  for  odd  and 
even  values  ofp,  the  retention  of  all  four  symbols  facilitates  reference. 

We  may  now  obtain  the  final  coefficients  by  summation  thus  : 


l=,l  +  l 

yO) 

c^vl, 

when 

V. 

is 

even. 

cr 

odd, 

and 

P 

odd, 

i'=i 

i=,-  +  i 

odd, 

V'-’ 

•C^i, 

5? 

cr 

>  J 

P 

oven. 

J,  =  0 

i=ii4l 

v(-) 

hlml, 

) ) 

n 

J) 

even, 

cr 

even 

>  >) 

P 

odd. 

p=l 

)  =  /i  +  1 

y(-) 

?5 

n 

odd. 

cr 

55 

J5 

p 

even. 

p=2 


with  similar  ecpiations  for  hi,  a  and  h  being  ie})laced  by  a  and  jB. 

The  values  of  vl,  ul,  ml  and  si  are  given  in  Tables  V. — YIIl.  and  their  logarithms 
in  Tables  IX. — XII.,  for  values  of  n,  cr  and  up  to  12  inclusive.  By  means  of  these 
tables  we  may,  for  instance,  write  down  at  once  the  coefficients  as  far  as  the  third 
degree  as  follows  : 

=  7853986^° 

=  •08017567 

g.°  =  —  •21952561'’ “b  '05857563° 

=  -  -25974067  +  '0493056^° 
c//  =  ‘0801750;  -  •340087o/ 
c//  =  ‘3802290/  -  ‘38O22903' 

=  ‘I59OGI00'  +  -3181230/  -  -3976530/ 
p7  =  -5703456/  -  -19011563" 
g3'  =  -50299067  ~  -2514986/ 

=  -0160420/  -  ‘410695o7  +  ‘102072o/. 
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The  calculation  of  the  ten  coefficients  g  up  to  the  third  degree  involves  therefore  the 
determination  of  sixteen  Fourier  coefficients.  There  is  no  h  coefficient  of  zero  type, 
and  there  are  therefore  only  six  h  coefficients  up  to  the  third  degree  which  depend 
upon  twelve  Fourier  coefficients.  In  general  there  will  he  \  (n  +1)  +  2) 

g  coefficients,  and  |-(w  +  l)  n,  h  coefficients  up  to  and  including  the  degree,  ghdug 
a  total  of  {n  +  1)’^  coefficients  in  the  series  of  sjoherical  harmonics.  To  determine 
these  completely,  it  would  he  necessary  to  calculate  {n  +1)”  Fourier  coefficients 
for  the  quantities  g  and  n  n  1  for  the  quantities  /q  giving  a  total  of  (n  +  1)  (n  +2) 
Fourier  coefficients.  The  tables  accompanying  this  paper  being  calculated  for 
values  of  n  up  to  12  are  therefore  sufficient  to  determine  169  coefficients  in  the 
series  of  s})herical  harmonics,  by  means  of  a  simple  computation  after  the  deter¬ 
mination  of  182  coefficients  of  the  Fourier  series.  These  latter  coefficients  may  be 
evaluated  by  mechanical  devices. 


§  12.  Special  Application  to  the  Theory  of  Terrestrial  iMagnetism. 

The  advantages  of  the  proposed  method  of  obtaining  the  coefficients  of  a  series 
of  spherical  harmonics  are  considerably  increased  when  the  quantities  to  be  repre¬ 
sented  l)y  such  a  series  are  not  given  directly,  but  by  means  of  their  differential 
coefficients.  This  is  the  case  when  the  magnetic  potential  has  to  be  calculated  by 
means  of  the  observed  magnetic  forces.  If  X  and  Y  represent  the  comjDonents  of 
magnetic  force  resolved  towards  the  geographical  north  and  east  resjiectlvely,  the 
magnetic  potential  is  determined  l)y  means  of  the  ecpiations 

clY/dd  =  X  ;  dVIdcj,  =  -  Y  sin  9. 

If  no  electric  currents  of  sufficient  intensity  traverse  the  earth’s  surface,  a 
function  Y  can  be  found  wliich  satisfies  both  equations.  If  Y  sin  6  be  obtained  in  a 
series  proceeding  l)y  spherical  harmonics,  then  all  the  terms  which  depend  on  the 
longitude  are  at  once  expressed  in  a  siinilar  series,  as  the  integration  according 
to  (f)  leaves  each  term  in  the  standard  form.  The  treatment  of  the  other  component 
acting  along  the  meridian  involves,  however,  serious  difficulties,  and  it  is  not 
necessary  here  to  enter  into  the  question  as  to  the  more  oi'  less  complicated  methods 
by  means  of  which  V  has  been  hitherto  derived  in  the  standard  form  from  X. 

The  method  based  on  the  results  of  the  preceding  investigation  avoids  these 
difficulties.  For  odd  values  of  cr,  X  is  expressed  in  a  series,  each  term  of  which 
has  the  form  cos  n6  sin  w'i<^  or  cos  nO  cos  while  for  even  values  of  cr,  X  is 
expressed  in  terms  of  the  form  sin  n6  sin  and  sin  nd  cos  m^.  After  integration 
with  respect  to  6,  the  formula  of  §  1 1  will  determine  the  required  coefficients.  Y  e 
may  treat  tlie  eastern  force  similarly,  obtaining  a  series  proceeding  by  cos  pd  or 
sin  p6  according  as  cr  is  odd  or  even.  Y  sin  6  is  then  derived  in  a  series  proceeding 
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by  sin  p6  or  cos  and  after  integration  with  respect  to  cf)  the  equations  of  §  1 1 
may  be  applied.  The  spheroidal  shape  of  the  earth  may  also,  if  necessary,  be  easily 
taken  into  account,  but  I  reserve  the  discussion  of  this  matter  until  the  completion 
of  some  calculations,  on  which  I  am  at  present  engaged,  will  allow  me  to  compare 
the  results  obtained  by  the  method  I  advocate  with  those  obtained  in  other  ways. 

Great  pains  have  been  taken  to  guard  against  numerical  errors,  and  it  is  hoped 
that  all  numbers  given  in  the  tables  are  correct,  with  the  proviso,  however,  that 
the  last  decimal  place  in  Tables  V.  and  XII.  is  uncertain  by  one  unit,  and  wrong 
possibly  even  occasionally  by  two  units.  Professor  Core  has  assisted  me  in  the 
numerical  work. 


w  Iw  w 
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Table  I. — Tallies  of  Yf,  (p). 
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Table  II. — Values  of  11^(2?). 
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Table  III. — Values  of 
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Table  IV.— Values  of  S^(p). 
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[Plates  2-6.] 

The  effects  of  strain  upon  the  crystalline  structure  of  metals  and  tlie  subsec[iient 
effects  of  annealing  at  low  temperatures  have  already  been  studied  by  Ewing  and 
liosENHAiN,"^  and  the  work  described  in  the  following  pages  is  in  many  ways  a 
continuation  of  theirs.  A  variety  of  lead  was  obtained  in  which  the  crystalline 
structure  was  on  a  particularly  large  scale.  This  furnished  a  metal  specially  well 
adapted  for  experiments  on  the  influence  of  strain  on  crystalline  structure,  and  the 
author,  on  the  suggestion  of  Professor  Ewing,  was  successful  in  obtaining  single 
crystals  of  sufficient  size  to  furnish  a  test  piece  possessing  a  uniform  orientation 
throughout  the  part  under  test.  As  the  effects  of  a  strain  could  then  he  studied  in 
individual  crystals,  the  problem  was  greatly  simplified. 

The  material  used  was  a  pure  lead,  commercially  known  as  “  chemical  lead,”  its 
chief  use  being  for  purposes  such  as  the  lining  of  acid  chambers.  It  is  obtained  by 
treating  ordinary  furnace  lead  in  Pattinson  crystallisation  pots,  and  by  this  process 
practically  all  other  metals  which  were  originally  alloyed  with  it  are  removed.  Tlie 
first  sample  obtained  had  been  cut  from  a  casting,  and  was  about  G  inches  by  4  inches 
in  area  by  1|-  inches  deep.  One  of  the  large  faces  had  been  in  contact  with  the  air 
during  solidification  and  the  other  with  the  bottom  of  the  mould.  The  former 
showed  in  a  very  beautiful  manner,  and  without  any  treatment,  the  crystalline 
structure  of  the  material.  The  crystalline  grains  were  clearly  lined  out  by  the  slight 
differences  of  level  at  which  they  had  formed,  the  boundaries  showing  up  as  fine 
lines.  These  grains  varied  from  about  sep  inch  to  4  sq.  inches  in  area  and  were  of 
quite  irregular  shape.  Alany  of  them  exhibited  distinctive  markings  on  tlieir 
surfaces,  these  generally  taking  the  form  of  slight  lidges.  In  many  cases  one  fairly 

*  ‘Phil.  Trans.,’  A,  vol.  193,  1899,  pp.  353-377,  and  ‘Phil.  Trams.,’  xV,  vol.  195,  1900,  pp.  279-301. 
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large  ridge  ran  down  the  centre  of  the  crystal,  and  from  this  others  branched  awav 
at  right  angles,  giving  the  appearance  of  a  sort  of  skeleton. 

In  order  to  see  how  the  growth  of  the  crystals  had  proceeded  throughout  the 
casting,  the  rough  sides  were  smoothed  with  an  ordinary  wood  plane,  and  the  whole 
casting  was  subjected  to  a  prolonged  etching  in  dilute  nitric  acid.  The  effect  of  this 
treatment  upon  the  upper  surface  was  to  bring  out  in  a  very  striking  manner  the 
orientation  of  tlie  different  crystals.  The  surface  of  each  crystal  became  covered 
with  a  number  of  geometrical  pits,  these  pits  being  similar  and  similarly  situated 
over  its  area,  though  varying  iii  shape  and  position  from  one  crystal  to  another. 
The  crystals  accordingly  showed  either  blight  or  dark,  as  the  light  striking  the  sides 
of  the  ])Its  was  reflected  or  not  into  the  eye.  As  the  specimen  was  revolved  the 
crystals  flashed  out  one  after  another  from  almost  black  to  a  brilliant  white.  Fig.  1 
(Plate  2)  is  a  photograph  of  this  surface  in  its  natural  size,  and  the  different  shades 
of  the  various  crystals  can  be  clearly  seen.  The  appearances  observed  after  etching 
ai’e  precisely  similar  in  kind  to  those  which  are  already  well  known  as  occurring 
when  ordinary  metallic  surfaces  are  subjected  to  microscopic  examination  ;  but  here 
they  are  exhibited  on  an  exceptionally  large  scale. 

The  first  effect  of  etching  upon  the  sides  of  the  specimen  vns  to  reveal  a  number 
of  minute  crystals  all  ovei‘  the  side  surfaces,  but  as  the  action  proceeded  these 
disappeared,  and  tlie  large  crystalline  structure  of  the  lump  could  be  seen.  The 
crystals  upon  the  upper  surface  of  the  casting  were  found  to  onl}’-  descend  to  a  depth 
(ff  about  j  inch,  and  a  second  system  had  grown  vertically  uj) wards  from  the  bottom 
of  the  mould  to  meet  them.  The  sections  of  the  latter  parallel  to  the  upper  surface 
of  the  casting  were  generally  of  rather  smaller  area  than  those  upon  the  upper 
surface. 

As  will  be  seen  in  fig.  1,  some  of  the  crystals  do  not  reflect  the  light  quite  equally 
from  all  parts  of  their  surface,  but  seem  to  l)e  shaded.  The  shaded  appearance  is 
only  visible  in  certain  illnminations,  the  orientation  of  the  crystal  appearing  quite 
uniform  In  all  others.  When  examined  under  the  microscope,  it  was  found  that  the 
edges  of  the  etched  pits  upon  them  were  not  quite  parallel  in  the  various  parts. 
Fig.  2  shows  part  of  such  a  crystal  magnified  12  diameters,  and  it  can  be  seen 
that  the  edges  of  the  pits  between  the  two  dark  bands  running  across  the  centre  are 
not  quite  parallel  to  those  on  the  portions  on  either  side  ;  the  difference  is,  however, 
slight.  The  effect  is  jjrobably  caused  by  a  slight  dlsturl)ance  whilst  the  crystal  Avas 
forming,  one  part  being  moved  relatively  to  another  when  tlie  metal  between  them 
Avas  still  molten.  Such  a  disturbance  miolit  be  brought  about  Ija"  external  causes, 

O  O 

such  as  a  shaking  of  the  mould,  or  by  stresses  set  up  as  the  metal  cooled.  The 
difference  of  orientation  is  still  further  brought  out  by  the  fact  that  the  acid  has 
acted  more  strongly  AAdiere  the  tAvo  portions  join  than  upon  the  snrrounding  area ; 
this  etching  out  has  produced  furroAvs,  Avhich  appear  as  the  dark  bands  in  fig.  2. 
Snch  an  action  is  alAAmys  seen  betAveen  tAvo  patches  of  different  orientation,  and 
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where  the  difference  is  great,  as  it  is  between  two  crystals,  a  furrow^  which  can 
be  easily  seen  without  any  magnification  is  ])roduced.  It  may  be  accounted  for 
by  electrohhic  differences  between  the  two  portions  producing  a  more  violent  action 
where  they  meet. 

The  large  size  of  the  crystals  in  this  casting  suggested  that  it  would  be  possible  to 
obtain  a  fairly  large  sized  specimen  of  lead  haying  a  uniform  orientation  throughout, 
so  that  the  effects  of  strain  upon  such  a  specimen  might  be  studied.  To  do  this  an 
attempt  was  made  to  obtain  a  casting  in  which  indiyidual  crystals  went  right 
through  from  top  to  bottom,  as  they  could  then  be  separated  one  from  another  with 
a  minimum  amount  of  cutting.  It  was  found  to  be  yery  difficult  to  do  this  by  direct 
casting,  as  crystallisation  always  seemed  to  take  place  from  both  top  and  bottom, 
thus  producing  a  casting  such  as  has  been  described  aboye.  The  followizig  method 
was  therefore  resorted  to  : — 

The  lead  was  melted  in  a  flat  sheet-iron  dish  oyer  a  small  gas  furnace,  an  iron 
plate  being  placed  between  the  flame  and  the  dish  to  equalise  the  temperature.  The 
gas  was  then  turned  low  and  the  surface  of  the 


metal  was  allowed  to  solidify,  one  comer,  howeyer, 
being  kept  molten  by  remoying  the  crust  with  a 
hot  iron  spike.  Owing  to  the  contraction  of  the 
lead  upon  solidifying  the  growth  of  the  Amrious 
crystalline  grains  could  be  obseiwed,  a  slight 
difference  of  level  being  formed  betAveen  the  solid 
and  molten  portions.  The  groAvth  Avas,  perhaps, 
best  seen  in  those  crystals  Avliich  formed  Avith  tAvo 
cubic  axes  parallel  to  the  surface.  Fig.  3  illus¬ 
trates  diagrammatically  the  manner  of  this  groAvth. 

One  or  more  parallel  arms,  such  as  are  seen  in  the 
figure,  shot  out  from  the  place  Avhere  crystallisation 
started  and  gradually  spread  outAvards  into  the 
molten  metal.  At  certain  intervals  along  these 
came  others  at  right  angles  to  them,  then  a  third 
set  from  these  parallel  to  the  first,  and  so  on, 
numerous  successive  sub-branches  groAving  at  riglit 
angles  and  gradually  filling  in  the  intervening 
spaces.  The  growth  of  an  individual  crystal  pro¬ 
ceeded  in  this  manner  until  arrested  by  meeting  either  the  sides  of  the  dish  or 
another  crystal.  Tlie  outlines  of  the  branches  remained  even  after  the  AAffiole  casting 
Avas  cool,  forming  the  ridges  Avdiich  have  been  already  mentioned. 

When  a  sufficiently  strong  crust  had  formed,  the  dish  Avas  lifted  up  and  the  still 
molten  metal  was  poured  out  through  the  free  corner.  When  cool,  it  Avas  found  that 
a  certain  portion  round  the  edges  of  the  dish  had  solidified  to  the  full  depth  of  the 
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metal,  but  that  in  the  centre  there  rvas  simply  the  uj^per  crust,  about  inch  to 

inch  in  thickness,  and  this  could  be  easily  cut  away  from  the  surrounding  portions. 
The  crystals  forming  the  crust  fell  away  from  one  another  to  a  certain  extent  when 
unsujjported  by  tlie  metal  beneath.  This  was  due  to  the  well-known  fact  that  the 
metallic  impurities  form  a  eutectic  with  part  of  the  lead  and  collect  in  the  crystalline 
boundaries.  This  eutectic  has  a  lower  freezing-point  than  the  pure  lead,  and  hence 
remains  molten  after  the  main  mass  has  solidified.  The  boundaries  are,  therefore, 
lines  of  weakness,  and  the  crystals  tend  to  fall  aj^art  when  the  siij^porting  metal 
below  is  poured  away. 

The  u})per  surface  of  the  crust  which  had  been  in  contact  with  the  air  was,  apart 
from  the  skeletal  markings,  fairly  plane,  but  the  lower  surface  was  covered  with 
numerous  small  spiky  projections,  these  being  regular  in  shape  and  position  over  each 
individual  crystal,  but  varying  from  one  crystal  to  another.  Fig.  4  (Plate  2)  shows  such 
a  surface  natural  size,  and  the  various  crystalline  grains  can  be  easily  distinguished  by 
their  different  textures.  It  will  l)e  seen  that  in  some  cases  certain  spikes  are  raised 
rather  aljove  the  others,  forming  ridges  which  run  in  different  directions  across  the 
crystals.  These  correspond  to  those  upon  the  upper  surface  vrhich  have  been 
mentioned  above.  A  portion  of  the  same  surface  at  the  junction  of  three  crystals  is 
shown  magnified  to  10  diameters  in  fig.  5,  and  the  different  shape  and  orientation  of 
the  spikes  upon  each  crystal  can  be  clearly  seen.  These  spikes  have  more  or  less 
curved  surfaces,  but  generally  roughly  assume  the  form  of  octahedra.  Some  of  them 
exhibit  a  somewliat  wavy  surface,  as  if  the  metal  had  solidified  in  successive  layers. 
Such  markings  are  probably  due  to  a  certain  unsteadiness  when  the  molten  metal  is 
poured  away,  the  latter  flowing  two  or  three  times  over  the  solidified  surface  before 
finally  leaving  it. 

The  various  crystals  were  now  separated  one  from  another  with  a  fretsaw.  The 
rough  sides  were  smoothed  by  cutting  away  the  spiky  projections  with  a  sharp  knife, 
and  the  crystals  were  then  etched  with  dilute  nitric  acid. 

The  etching  consisted  of  two  o})erations ;  the  crystals  were  first  placed  in  a  20  per 
cent,  solution  of  nitric  acid  for  about  half  an  hour.  This  removed  any  roughness 
from  the  surface  and  produced  a  fairly  smooth  plane  specimen.  They  were  next 
immersed  in  a  5  per  cent,  solution,  in  order  to  produce  the  geometrical  pits  by  means 
of  which  most  of  the  following  phenomena  have  been  studied.  In  order  to  obtain  a 
good  development  of  sucli  pits  it  was  found  necessary  to  prolong  the  etching  for  from 
one  to  two  days ;  if  particularly  large  pits  vrere  recpuired  the  |)rocess  ^vas  even  longer. 
It  was  found  in  general  that  the  stronger  the  acid  solution  the  smaller  were  the  pits, 
and  vice  versd.  With  a  5  2)er  cent,  solution  a  beautiful  system  of  contiguous  pits 
covering  the  entire  surface  of  the  specimen  could  be  produced  which  was  easily  visible 
at  a  magnification  of  20  diameters  or  less. 

The  shape  of  these  etched  pits  has  been  found  to  be  that  of  a  portion  of  a  negative 
cubo“Octahedron.  Such  a  figure  is  shown  in  fig.  G  (a)  and  (d) ;  in  (a)  one  of  the 
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cubic  faces  is  parallel  to  the  plane  ol  the  paper,  and  in  (cZ)  an  octahedral  face  is 
nearly  parallel  to  the  same  plane.  It  joossesses  faces  which  are  alternately  squares 
and  hexagons,  and  it  will  be  seen  that  in  the  following  photographs  the  faces  of  the 
pits  always  consist  of  all  or  part  of  one  of  these  figures.  Fig.  6  (h),  (e),  are  drawings 
of  the  pits  which  (a)  and  (cZ)  respectively  would  make  if  made  to  penetrate  a  certain 
distance  into  the  j^lane  of  the  paper,  and  may  be  compared  to  the  etched  pits  seen  in 
the  photographs.  In  some  cases  the  octahedral  faces  were  very  strongly  developed. 


and  the  cubical  faces  were  practically  non-existent.  The  figure  then  developed  into 
the  regular  octahedron.  Fig.  6  (c)  shows  the  type  of  pit  we  should  expect  in  such  a 
case  when  a  cubic  face  is  parallel  to  the  surface,  and  may  be  compared  with  the  pits 
seen  in  figs.  9  and  14.  The  relation  of  these  pits  to  the  directions  of  tlie  skeletal 
crystal  formation  was  found  by  scratching  lines  to  show  these  directions  upon  the 
surface  before  etching,  taking  care  to  make  the  scratches  deep  enough  not  to  be 
eaten  away.  It  was  then  seen  that  where  a  S(|iiare  face  of  the  pits  was  parallel  to 
the  surface  of  the  specimen,  the  sides  of  the  square  made  angles  of  45°  with  the 
direction  of  the  ridges.  That  is  to  say,  the  sides  of  the  cube  from  which  the  cubo- 
octahedron  was  formed  were  parallel  to  these  directions.  Hence  the  pits  are  correctly 
placed  as  regards  the  crystalline  axes,  if  we  assume  that  the  ridges  are  parallel  to  the 
cubic  axes  of  the  crystal.  From  the  manner  in  which  these  ridges  are  formed  by 
the  crystal  growing  by  successive  branches  at  right  angles  to  one  another,  as  is 
illustrated  in  fig.  .3,  such  an  assumption  seems  not  improbalfie.  (See  Plates  3  and  4.) 
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When  examined  under  the  microscope,  the  pits  at  first  sight  appear  to  he  pro¬ 
jections  from  the  surface,  hut  by  means  of  the  focussing  screw  it  is  readily  shown 
that  they  are  not  projections,  but  true  pits. 

A  similar  appearance  is  also  seen  in  the  micro-jDhotographs  and  is  apt  to  be  rather 
misleading  as  to  the  nature  of  these  geometiical  figures,  but  in  all  cases  they  were 
found  to  be,  as  stated  above,  pits  descending  into  the  surface. 

The  single  crystals,  when  separated  one  from  another,  possess  all  the  usual  plastic 
properties  of  an  ordinary  sample  of  lead  composed  of  numerous  small  crystals  united 
together.  They  show  no  signs  of  sudden  cleavage  or  parting  and  may  be  bent 
double  without  breaking,  and  may  be  hammered  out  iuto  any  shape. 

The  first  observations  made  on  the  effects  of  strain  on  single  crvstals  were  in 
connection  with  the  formation  of  slip-lines.  The  specimens  were  cut  to  about 
2  inches  to  3  inches  long  l^y  T  inch  udde  by  -g-  inch  thick,  and  were  generally  taken 
from  a  single  crystal ;  if,  however,  a  sufficiently  large  specimen  could  not  be  obtained 
from  a  single  crystal,  the  piece  was  cut  so  that  the  central  portion,  where  the  effects 
of  strain  were  studied,  consisted  of  a  crystal  extending  light  across  the  specimen 
from  side  to  side,  as  well  as  through  from  front  to  back.  After  the  specimens  were 
cut  out  they  were  carefully  etched  until  a  complete  system  of  geometrical  jiits  had 
formed  upon  their  surfaces  ;  they  were  then  washed  until  all  the  acid  was  removed, 
and  were  (piickly  dried.  The  surface  remained  bright  for  a  sufficient  time  to  enable 
observations  to  be  made  and  photographs  to  be  taken,  but  it  gradually  became 
taiiiished  if  left  exposed  to  the  air. 

The  specimens  were  strained  in  tension  in  the  small  machine  descriiied  by  EwiXG 
and  PiOSENHAiN.  This  could  l)e  fixed  to  the  stage  of  the  microscope,  so  that  a 
portion  of  the  specimen  was  kept  under  observation  during  the  whole  process.  As 
the  stress  was  applied  the  specimen  gradually  elongated,  this  elongation  being  due 
to  the  numerous  small  slips  along  the  gliding  j^lanes  of  the  crystal.  These  small 
slips  are  first  visible  under  the  microscope  as  either  bright  or  dark  lines  upon  the 
surface,  according  to  the  illumination  of  the  specimen,  just  as  Ewing  and  Kosenhain 
first  observed  them  ;  but  when  the  amount  of  strain  becomes  large  the  actual  steps 
formed  can  be  clearly  seen.  A  point  of  chief  interest  in  the  experiments  was 
the  relation  of  the  slip-lines  to  the  etched  pits  upon  the  surface,  that  is  to  say,  to  the 
crystalline  axes.  Figs.  7  and  8  aiu  photographs  taken  of  surfaces  after  straining  in 
tension.  In  fig.  7,  which  is  at  a  magnification  of  45  diameters,  the  etched  pits  had 
been  very  slowly  produced  and  are  of  large  size  ;  they  are  not  puite  contiguous,  but 
portions  of  the  original  surface  remain  between  them.  It  will  be  seen  that  the  slip¬ 
lines  on  one  face  of  a  pit  are  iiarallel  to  one  edge  of  that  face.  Again,  the  illumina¬ 
tion  is  such  that  a  partially  formed  hexagonal  face  shows  bright,  and  it  will  be  seen 
that  slip  has  occurred  along  planes  parallel  to  this  face,  so  that  the  small  steps  also 
appear  bright.  In  fig.  8  (Plate  3)  the  pits  were  of  considerably  smaller  size,  and 
a  higher  power  (100  diameters)  was  necessary  to  show  them  clearly.  As  before,  the 


ox  THE  CRYSTALLINE  STRUCTURE  OF  LEAD. 


231 


slip-lines  follow  the  sides  of  the  pits  in  such  a  manner  that  the  plane  of  slip  is 
parallel  to  a  hexagonal  face ;  in  fig.  9  this  face  and  the  slip-lines  show  up  bright. 
Owing  to  the  difference  of  level  in  the  surface  due  to  the  pits,  all  of  it  could  not  he 
brought  into  focus  together — this  accounts  for  the  somewhat  blurred  patches  in  the 
photographs.  From  these  and  other  observations  it  may  be  concluded  that  lead 
tends  to  slip  along  planes  perpendicular  to  the  octahedral  axes  of  the  crystals,  and 
there  would,  therefore,  be  at  least  four  possible  directions  in  which  slip  could  occur. 
Four  systems  of  slip-lines  have  already  been  noted  in  strained  lead  by  Ewjng  and 
Rosenhaix. 

When  a  single  crystal  is  strained  in  tension,  the  slip  along  the  gliding  planes  does 
not  take  place  to  an  ecpial  extent  right  across  the  specimen.  The  surface,  originally 
fairly  plane,  becomes  slightly  undulated  as  the  stress  is  applied,  the  undulations 
running  diagonally  across  the  specimen  at  an  angle  of  about  45°  to  the  direction  of 
pull.  The  general  character  of  the  slip-lines  can  be  best  examined  upon  a  plane 
unetched  surface  not  broken  up  by  pits.  Such  a  surface  exists  on  the  upper  side  of 
the  crystal,  namely,  the  side  in  contact  with  the  air  when  cast  as  described  above 
and  not  afterwards  etched.  If  we  examine  the  slip-lines  formed  upon  it  when 
strained  in  tension,  we  find  that  the  undulations  are  caused  by  the  slip-lines  being 
larger  and  more  numerous  along  certain  areas.  When  the  specimen  is  re-etched 
after  straining,  the  undulations  are  still  visible  as  diagonal  bands,  which  appear 
either  slightly  brighter  or  darker  than  the  surrounding  material,  according  to  the 
illumination  used. 

Fig.  9  shows  part  of  such  an  etched  surface  at  a  magnification  of  45  diameters. 
A  band  of  pits,  more  brightly  illuminated  than  tlie  rest,  runs  across  the  centre  of 
the  figure,  and  similar,  though  less  distinct,  bands  can  also  be  traced  running  parallel 
to  it.  The  following  j^oints  can  be  noticed:  (l)  that  there  is  no  distinct  boundary 
between  the  light  and  dark  j^ortions,  the  change  from  one  to  the  other  l)eing  gradual ; 
(2)  the  bands  do  not  exhibit  the  same  illumination  ;  (3)  the  sides  of  the  etched  pits 
upon  the  bright  parts  are  not  cpiite  parallel  to  those  upon  the  darker  ones. 

Such  slight  differences  of  orientation  occurring  after  a  single  crystal  has  been 
strained  are  evidently  not  due  to  a  re-crystallisation.  Professor  Ewing  has 
suggested  to  the  author  that  it  is  cpiite  possible  to  account  for  them  if  we  consider 
that  the  strain  is  not  homoc'eneous.  It  has  been  stated  above  that  the  number  of 

O 

slip-lines  was  not  the  same  all  over  the  strained  crystal,  but  that  certain  parts 
showed  more  signs  of  slijj  than  others.  From  this  we  would  gather  that  when  once 
slip  occurs  in  a  certain  part  it  tends  to  go  on  there  rather  than  in  other  parts  of  the 
specimen.  Hence  these  parts  get  more  or  less  distorted  from  their  original  shape, 
while  other  parts  of  the  same  crystal  contiguous  to  them  either  have  not  changed 
at  aU,  or  have  done  so  in  a  less  degree.  It  may  readily  occur  that  the  contiguous 
portions,  which  were  originally  in  parallel  orientation,  become  relatively  inclined 
through  the  distortion  of  the  material  between — the  material  between  behaving  as  a 
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strained  wedge — and  hence  difFerences  in  orientation  such  as  are  seen  in  fig.  9  may 
arise  within  a  single  crystal. 

In  cutting  out  the  single  crystals  from  the  casting,  a  certain  amount  of  local  strain 
was  given  at  the  edges  hy  the  action  of  the  saw,  and  it  was  found,  upon  etching, 
that  where  such  strain  had  occurred  the  specimen  no  longer  exhibited  a  uniform 
orientation,  hut  that  numerous  small  areas  of  different  orientations  had  ajDpeared. 
Such  a  breaking  of  the  crystals  has  already  been  mentioned  as  aj)pearing  uj^on  the 
sides  of  the  castino;  shown  in  fiff.  1,  'vdiere  it  had  been  sawn  from  the  surroundino- 
metal.  Some  specimens  also  had  been  accidentally  strained  hy  bending,  and  in  these 
cases  a  similar  l^reaking-up  was  visible  over  tlie  strained  area  when  the  specimen 
was  re-etched.  Further  experiments  were  therefore  made  to  obtain  more  definite 
results  as  to  the  production  of  conp^aratively  small  crystals  by  strain. 

A  specimen  was  carefully  cut  with  a  sharp  knife  from  the  centre  of  a  single  ciwstal 
in  such  a  manner  that  as  little  strain  as  possible  was  given.  After  etching  it  was 
found  that  the  orientation  was  uniform  all  throup’h.  It  was  now  bent  nearly  double 

O  x! 

between  the  fingers,  straightened  again,  and  re-etched.  Great  changes  were  now 
visible  over  the  strained  area,  the  orientation  no  longer  being  uniform,  but  broken  up 
into  ]iumerous  small  areas,  each  with  a  different  orientation.  The  P’reatest  chancre 
had  occurred  on  what  had  been  the  concave  side  when  the  specimen  was  bent,  that 
is  to  say,  where  the  metal  had  been  subjected  to  compression.  Figs.  10  and  11  show 
the  compression  and  tension  sides  respectively  of  a  specimen  originalh'  uniformly 
oriented  throughout  (that  is  to  say,  originally  a  single  crystal)  after  it  liad  been 
strained  in  tlie  manner  described  above  and  then  re-etched.  It  will  be  seen  that  on 
the  compression  side  a  large  area  in  the  centre  has  been  split  up  into  numerous  small 
patches  of  different  orientations,  the  variety  of  shades  within  this  area  showing  in 
a  strikino-  manner  the  extent  of  tlie  chano’e.  On  the  tension  side  two  or  three 

O  O 

isolated  patches  have  appeared  possessing  new  orientations,  but  the  amount  of  change 
there  has  been  far  less  than  on  the  compression  side.  It  is  also  noticeable  that  the 
ends  wliich  were  not  subjected  to  any  strain  have  not  in  any  way  altered.  When  we 
look  more  closely  into  the  newly  oriented  patches,  it  is  seen  that  a  great  number  of 
straight-line  boundaries  exist  between  them,  and  tliis  fact  is  still  more  striking  when 
we  use  a  higher  maccnification.  It  is  then  seen  that  in  some  cases  the  boundaries  are 
quite  irregular  and  liave  lieen  more  or  less  eaten  out  into  channels  during  the 
etching  process,  hut  that  in  others  the  boundaries  are  straight  and  sharp,  one 
orientation  changing  quite  ahnqitly  into  the  other  with  no  such  channel  between 
them.  In  the  latter  cases  it  was  also  apparent  that  there  was  some  distinct 
geometrical  relation  existing  between  the  pits  on  either  side  of  the  houndarv,  an 
edge  of  the  pits  on  either  side  being  always  parallel  to  the  houndaiy  between.  In 
many  cases  there  were  turn  parts  joining  in  a  straight  line,  but  surrounded  by  an 
irregular  boundary.  Such  is  the  case  in  the  newly  oriented  patches  seen  in  fig.  11. 
Each  otthe  })atches  consists  of  two  such  ])ar(:s,  and  the  straight  line  between  them 
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can  be  contrasted  with  the  curved  irregidar  outline  surrounding  them.  Similar  cases 
can  also  be  seen  in  fig.  10,  though  surrounded  by  new  orientatioiis  and  not,  as  in 
fig.  11,  by  the  original  one.  In  other  cases  there  would  be  two  or  more  sets  of  parallel 
straight-line  boundaries,  the  two  orientations  occurring  alternately  ;  and  in  others  a 
patch  showing  one  orientation  would  be  surrounded  on  more  than  one  side  by  straight 
lines,  these  being  always  parallel  to  an  edge  of  the  pits  on  either  side.  Figs.  12 
and  13  illustrate  these  cases;  all  are  taken  at  a  magnification  of  45  diameters. 
In  fig.  12  we  see  two  23ortions  at  the  bottom,  one  bright  and  one  dark,  joining  in  a 
straight  line,  but  surrounded  by  an  irregular  boundary  ;  while  in  the  centre  we  have 
a  crystal  with  a  band  with  jjarallel  sides  running  across  it,  the  jDarts  on  either  side  of 
the  band  being  in  similar  orientation.  In  fig.  13  (Plate  4)  we  have  a  joatch  including 
various  jDortions  of  a  different  orientation,  though  similar  to  one  another.  Some  of  the 
boundaries  in  this  case  appear  irregular,  but  a  rather  Ifigher  magnification  shows  that 
these  aj^parently  irregular  boundaries  are  made  uj)  of  numerous  short  straight  lines. 
This  photograj^h  is  also  interesting  as  the  etching  had  not  been  carried  so  far  as  in. 
most  of  the  other  cases  and  the  etched  j)its  are  not  contiguous.  It  hence  gives  some 
idea  as  to  the  manner  in  whicli  they  are  formed. 

Such  straight  boundaries  are  a  strong  indication  that  the  jDortioiis  on  either  side 
are  connected  by  a  twin  relation,  and  the  fact  is  further  Ijrought  out  when  we 
examine  the  geometrical  relation  of  the  jDits  on  either  side.  It  has  been  said  above 
that  these  j^its,  which  are  2:»ortions  of  a  cubo-octahedron,  are  jfiaced  in  a  correct 
direction  to  the  crystalline  axes,  and  are  in  fact  representations  in  miniature  of  what 
the  external  form  of  the  crystal  would  jDrobably  l)e  if  allowed  to  assume  its  pro23er 
shajDe.  Take  the  case  shown  in  fig.  14  :  we  have  two  main  orientations  in  the  iDicture, 
one  having  pits  with  a  large  hexagonal  face  nearly  jiarallel  to,  and  the  other  having 
pits  with  a  cubic  face  j^arallel  to,  the  surface.  In  the  latter  case,  the  cubic  faces 
of  the  pits  have,  for  the  most  jiart,  been  etched  away,  and  the  jiits  are  jiractically 
octahedra.  If  we  draw  the  comjjlete  form  of  tlie  latter,  we  shall  obtain  the  figure 
shown  in  fig.  6a,  the  dotted  line  being  at  right  angles  to  the  boundary  l)etween  tbe 
two  jjarts  in  fig.  14.  Now,  if  we  give  this  figure  a  turn  of  180°  about  the  octahedral 
axis  marked  xx,  that  is  to  say,  bring  it  into  a  2)Osition  in  twin  orientation  to  its 
original  one,  it  will  apj^ear  as  shown  in  fig.  6d.  Then,  on  comi^aring  the  etched  jiits 
on  either  side  of  the  boundary  in  fig.  14  with  6a  and  6(7,  the  twin  relation  which 
exists  between  tbem  is  seen.  It  was  found  in  all  cases  that  the  pits  on  either  side 
of  a  straight  boundary  agreed  with  figures  drawn  in  such  a  way.  The  nietbod  is 
of  course  merely  a  rough  one,  and  no  accurate  residts  could  be  obtained  from  it,  l^iit 
it  should  be  quite  possible  with  a  suitable  goniometer  to  actually  measure  the 
crystallograjihic  angles  of  the  pits  on  either  side.  Such  measurement  of  etched  j^its 
in  lead  have  already  been  made  by  Professor  Miers,  but  the  work  is  rather  beyond 
the  scope  of  the  present  jiaj^er. 

The  tension  side  of  a  sj^ecimen  such  as  that  described  alcove  was  of  course  sub- 
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jected  to  a  certain  amount  of  compression  wlien  the  specimen  was  re-straightened 
after  being  bent.  A  trial  was,  therefore,  made  to  see  if  any  splitting  up  of  the 
orientation  could  be  produced  by  tension  alone.  A  crystal  was  strained  in  tension 
in  the  small  machine  mentioned  on  p.  230,  the  stress  being  applied  until  local  con¬ 
traction  and  fracture  occurred.  The  two  halves  were  then  re-etched  and  examined, 
and  it  was  found  that  the  greater  part  of  the  specimen  was  unchanged,  hut  near  the 
fracture,  where,  due  to  the  local  drawing  out  and  transverse  contraction,  the  strain 
must  have  been  specially  severe,  a  splitting  up  had  occurred  similar  to  that  in  the 
bent  specimen  described  above.  That  is  to  say,  in  place  of  the  original  uniform 
orientation  covering  its  whole  surface,  numerous  joatches  with  various  orientations 
appeared. 

Ewing  and  Eosenhain  liave  already  drawn  attention  to  the  jirogressive  growth 
of  crystals  which  occurs  after  a  specimen  of  lead  or  other  metal  has  been  severely 
strained,  especially  wdien  the  specimen  is  moderately  warmed.  On  the  suggestion 
of  Professor  Ewing,  the  autlior  next  tried  the  effect  of  cooking  these  large  strained 
crystals,  that  is  to  say,  subjecting  them  to  prolonged  exposure  to  moderate  tem- 
jieratures.  Tlie  first  specimen  tried  was  one  similar  to  that  shown  in  figs.  10  and  11. 
It  had  been  strained  liy  bending  between  the  fingers  and  then  re-straightening.  After 
etching  it  was  found  that  a  certain  area  in  the  centre  had  re-crystallised,  the 
specimen  showing  a  similar  appearance  to  figs.  10  and  11.  It  was  then  cooked  for 
some  hours  at  a  temiierature  of  about  100°  C.  and  then  re-etched.  After  this  treat¬ 
ment  the  area  re-crystallised  was  far  greater  than  before.  This  was  especially 
striking  upon  the  tension  side,  where,  as  in  fig.  11,  only  a  few  isolated  patches  had 
existed  before  cooking ;  afterwards,  however,  a  large  area  vus  found  to  have 
changed,  the  patches  with  new  orientations  being  quite  contiguous,  though  of  rather 
larger  individual  size  than  upon  the  compression  side.  That  such  a  growth  of  new 
orientations  was  in  some  way  due  to  the  straining  of  tlie  siiecimen  was  clearly 
proved  by  roasting  an  unstrained  specimen.  In  this  no  change  was  produced,  but 
after  straining  and  again  cooking  the  specimen  was  found  upon  re-etching  to  have 
to  a  great  extent  re-crystallised.  It  was  also  found  that  it  was  not  necessary  for 
the  specimen  to  show  any  signs  of  re-crystallisation  before  annealing,  hut  that  so 
long  as  a  certain  amount  of  strain  had  been  given,  whether  upon  re-etching  after 
this  strain  the  orientation  showed  any  signs  of  alteration  or  not,  yet  after  cooking 
at  100°  C.  the  re-crystallisation  either  continued  or  was  started.  Specimens  were 
strained  both  by  bending  and  tension,  and  in  both  cases  a  further  re-crystallisation 
occurred  after  heating.  It  lias  been  mentioned  above  that,  when  a  specimen  had 
been  strained  in  tension,  only  a  small  area  near  the  fracture  showed  any  signs  of 
alteration  vdien  re-etched,  but  it  was  found  that  if  such  a  strained  specimen  was 
afterwards  heated,  the  whole  orientation  could  he  changed.  In  studying  this  effect 
it  was  indeed  found  to  be  far  more  convenient  to  strain  the  specimens  in  tension,  as 
the  amount  of  strain  to  which  they  were  sulijected  could  be  more  easily  regulated. 
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The  method  of  carrying  out  these  exjDeriments  was  as  follows  : — A  sjDecimen 
about  2  inches  long  and  4-  inch  broad  by  inch  thick,  was  cut  from  a  single  crystal 
and  given  a  certain  amount  of  tensional  strain  in  the  small  machine  mentioned  on 
p.  230,  re-etched  and  photographed.  It  was  then  cooked  for  a  short  time  by  exposure 
to  a  certain  temperature  in  a  small  asbestos-lined  wooden  oven,  heated  by  an  electric 
incandescent  light.  After  this  cooking  the  specimen  was  re-etched,  first  in  a 
20  per  cent,  solution  of  nitric  acid  to  remove  all  former  pits,  and  then  in  a  5  per  cent, 
solution  to  produce  a  new  set.  A  second  photograph  was  then  taken,  and  further 
processes  of  cooking,  re-etching,  and  photographing  were  gone  through  until  no 
further  changes  were  visible.  The  photograj^hs  were  taken  with  a  4-inch  Ross  lens, 
fitted  to  the  front  of  the  camera,  diffused  daylight  being  used  as  an  illuminant.  The 
spechnen  was  kept  immersed  in  a  weak  solution  of  nitric  acid  whilst  being  photo¬ 
graphed,  in  order  to  preserve  a  clean  surface.  Care  was  taken  to  get  the  illumination 
the  same  throughout  the  series,  in  order  that  the  same  patches  of  new  orientation 
could  be  recognised  in  the  difierent  photographs.  In  all  the  following  illustrations 
(figs.  18  to  32)  the  direction  of  the  pull  was  parallel  to  the  long  edges  of  the  specimen, 
that  is  to  say  from  top  to  bottom  of  the  page. 

Fig.  15  shows  a  specimen  after  straining  in  tension  and  re-etching,  magnified  to 
five  diameters.  The  two  lines  seen  running  across  had  been  scratched  with  a  sharp 
steel  point,  and  were  originally  1  centim.  apart,  the  straining  Ijeing  carried  on  until 
they  were  1’5  centim.  apart;  the  other  marks  were  for  the  sake  of  identification. 
The  only  change  visible  before  annealing  was  a  small  amount  of  re-crystallisation 
along  the  scratches,  where  the  material  was,  of  course,  subjected  to  fairly  severe  local 
strain,  and  in  two  places  between  the  lines,  where  it  will  be  seen  the  new  orientations 
appear  as  two  small  dark  patches.  Fig.  16  shows  the  same  specimen  at  the  same 
magnification  after  cooking  for  5  minutes  at  60°  C.  and  re-etching.  It  will  lie  seen 
that  great  changes  have  taken  place ;  the  former  patches  of  new  orientation  have 
greatly  extended,  and  others  have  appeared  in  various  parts  of  the  specimen.  The 
greatest  change  is  at  the  bottom  left-hand  corner,  where  a  large  area  has  re-crystallised. 
Figs.  17,  18,  and  19  show  the  same  specimen  magnified  five  diameters  after  further 
successive  cookings  of  5  minutes’,  10  minutes’,  and  20  minutes’  duration  respectively, 
at  60°  C.  The  re-crystallisation  has  continued  until  practically  the  whole  of  the 
original  orientation  is  altered.  In  fig.  18  (Plate  5),  the  scratches  have  been  almost 
entirely  etched  away,  and  with  them  the  small  local  changes  which  they  had 
produced.  The  stage  at  fig.  19  seems  to  be  a  final  one,  and  further  cooking  produced 
no  further  changes.  In  cases  such  as  this,  where  the  material  had  been  subjected  tc 
a  uniform  strain  throughout,  the  patches  of  new  orientation  go  right  through  the 
specimen,  both  sides  showing  a  very  similar  pattern.  In  this  specimen  tlie  final 
formation  consisted  for  the  most  part  of  a  few  large  differently  oriented  areas 
penetrating  right  through,  each  to  a  large  extent  split  up  by  twin  orientations  in 
bands  and  patches,  as  can  be  seen  in  fig.  19.  It  will  be  noticed  that  the  area  of  the 
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specimen  gets  gradually  less  in  each  photograpli ;  this  was  due  to  the  etching,  which 
had  to  he  fairly  severe  in  order  to  entirely  eat  away  the  old  pits  and  exhibit  the  new 
structure,  and  which  v'as  sufficient,  when  repeated  several  times,  to  produce  a  con¬ 
siderable  change  in  the  size  of  the  specimen. 

If  we  examine  this  series  it  will  be  seen  that  when  once  a  patch  with  a  new 
orientation  is  formed,  and  is  surrounded  l)y  other  new  ones,  it  remains  practically 
unaltered  when  subjected  to  further  annealing.  There  is  a  sliglit  change  of  outline 
in  some  cases,  but  this  can  be  accounted  for  if  we  consider  that  the  boundaries  need 
not  be  at  right  angles  to  the  surface,  and  will,  therefore,  change  slightly  as  the  etching 
solution  eats  down  to  successive  depths.  The  structural  change  is  entirely  confined 
to  the  original  orientation,  wdiich  is  gradually  split  up  into  numerous  different  ones, 
and  when  once  these  are  formed  they  persist. 

The  slight  differences  of  orientation  which  appear  after  straining,  when  the 
specimen  is  first  etched,  appear  to  some  extent  upon  these  photographs  as  bright 
bands  across  the  original  orientation.  They  are,  however,  far  more  clearly  illustrated 
in  the  next  series.  Fig.  20  shows  the  crystal  after  straining  in  tension  and  re-etching 
mao’nified  5  diameters.  It  exhibited  no  sioms  of  re-crvstallisation  before  annealing, 
but  the  “  strain  hands  ”  (as  they  may  be  called)  were  particularly  well  developed 
and  can  he  clearly  seen  in  the  photograph.  Fig.  21  shows  the  same  specimen  after 
annealing  for  20  minutes  at  100°  C.  It  is  evident  that  the  strain  bands  have  no 
influence  on  the  re-crystallisation,  but  are  swallowed  up  in  an  exactly  similar  manner 
as  the  original  orientation.  A  remarkably  fine  develoj^ment  of  etched  pits  was 
obtained  on  this  specimen,  and  these  are  clearly  visible  even  under  the  low  magnifi¬ 
cation  at  wliich  the  photographs  were  taken. 

The  next  experiment  was  to  see  whether  any  change  took  place  in  a  strained 
crystal  of  lead  at  atmospheric  temperatures.  The  specimen  was  strained  in  tension, 
and  is  shown  (magnified  to  4  diameters)  in  fig.  22  after  this  straining  and  re-etching. 
The  stress  liad  been  applied  until  local  contraction  had  commenced,  and  the  strain 
thus  produced  was  sufficient  to  cause  a  certain  amount  of  re-crystallisation  to  be 
visible  immediately  upon  re-etching.  The  band  of  patches  of  new  orientations 
can  he  seen  running  diagonally  across  the  specimen  at  one  end.  The  photograph 
reproduced  in  fig.  23  was  taken  from  the  same  specimen  after  three  weeks.  The 
specimen  was  kept  in  a  small  glass  jar,  and  was  simply  subjected  to  the  slightly 
varying  temperature  of  the  room.  In  fig.  23  it  will  be  seen  that  re-crystallisation 
has  continued  until  nearly  the  whole  of  one  end  has  clianged,  the  band  widening  out 
in  iDoth  directions  so  as  to  fill  in  the  light-hand  bottom  corner  and  extend  further 
upwards. 

It  is  clear  from  this  series  tliat,  althoiioli  a  further  re-crvstallisation  occurs  at 
ordinary  atmospheric  temperature,  yet  it  is  much  slower  than  when  the  temperature 
is  slightly  increased,  as  had  been  the  case  in  the  former  series.  It  has  been  found 
in  all  cases  that  the  higher  the  temperature  at  which  the  strained  piece  is  kept  the 


ox  THE  CRYSTALLINE  STRUCTURE  OF  LEAD.  2.37 

quicker  does  re-crystallisation  proceed.  In  some  specimens  which  had  been  only 
slightly  strained  no  visible  change  was  seen  until  a  fairly  high  temperature  was  used. 
One  specimen  was  strained  in  tension  and  annealed  for  20  hours  at  G0°  Ct  without 
any  visible  change  taking  place.  When,  liowever,  it  was  annealed  for  two  hours  at 
100°  C.,  the  re-crystallisation  seen  in  hg.  24  occurred.  It  is  interesting  to  notice  the 
large  size  of  the  patches  showing  new  orientations  in  this  photograph. 

An  important  question  now  presented  itself  for  solution  by  experiment.  Is  the 
re-crystallisation  which  is  apparent  immediately  after  etching  in  a  severely-strained 
crystal  a  direct  and  instantaneous  effect  of  the  strain,  or  is  it  a  growth  which  occurs 
during  the  interval  of  time  that  has  elapsed  between  the  straining  and  the  examina¬ 
tion  ?  The  experiments  of  Ewing  and  IIoseniiain  showed  that  a  slow  progress  of 
growth  goes  on  at  atmospheric  temperature  in  ordinary  lead  after  sevei'e  straining, 
which  may  result  in  the  formation  of  comparatively  large  crystals  in  a  severely 
crushed  specimen  after  the  lapse  of  several  days  or  weeks,  and  the  experiments  just 
described  show  a  similar  slow  change.  In  the  present  instance  we  are  concerned 
with  individual  cry.stals  in  a  structure  of  much  coarser  grain  than  was  dealt  with  in 
their’  experiments,  and  with  the  comparatively  short  interval  of  time  (some  five 
minutes  at  least)  which  was  required  to  prepare  the  specimen  for  examination  by 
etching  after  the  strain  had  been  applied.  At  first  it  was  not  suspected  that  the 
re-arrangement  of  crystals  seen  after  straining  was  other  than  an  immediate  effect 
of  the  strain,  but  the  author  has  now  satisfied  himself  that  this  is  not  tlie  case.  The 
re-arrangement  does  not  occur  in  the  act  of  straining  like  the  re-arrangement  (by 
twinning)  which  one  can  produce  on  straining  a  crystal  of  calcite.  It  occurs  after  the 
strain  has  taken  place,  during  the  time  that  elapses  before  the  crystal  is  etched  for 
re-examination,  and  though  it  requires  only  a  short  interval  of  time  for  its  develoji- 
ment,  it  is  to  be  classed  with  the  progressive  growth  demonstrated  by  Ewing  and 
RosENHArN  and  confirmed  by  the  experiments  already  described  in  this  paper. 

That  this  was  the  case  was  first  suspected  from  observations  of  the  character  of 
the  re-arranged  crystals.  If  these  had  been  produced  by  successive  twinning  actions 
forming  a  direct  result  of  the  strain,  as  in  the  twinning  of  calcite,  we  should  have 
expected  to  find  tlie  straight-line  boundaries  characteristic  of  twins,  not  only  between 
the  patches  having  new  orientation,  but  also  between  these  and  the  unchanged 
portion  of  crystal  in  which  its  original  orientation  was  preserved.  Now,  although 
there  are  numerous  straight-line  boundaries  between  the  patches  of  new  orientation, 
demonstrating  the  twin  relation  of  these  patches  to  one  another,  it  is  remarkalfie 
that  twin  boundaries  are  not  to  be  found  between  the  unchanged  portion  of  the 
crystal  and  any  of  tlie  re-crystallised  portions.  Twins  to  the  origlual  orientation  of 
the  crystal  would  undouljtedly  he  formed  if  the  action  was  the  direct  result  of 
straining,  such  as  lias  been  described  above,  but  in  all  cases  the  boundaries  between 
any  new  patches  and  the  original  structure  were  found  to  be  irregular  in  outline,  and 
to  be  eaten  out  into  channels  by  the  etching  solution  ;  and  no  traceable  geometrical 
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relation  existed  between  the  etched  pits  on  either  side  of  them.  All  these 
characteristics  pointed  to  their  not  being  twin  boundaries. 

One  experiment  directly  bearing  on  this  point  consisted  in  examining  the  slip- 
lines  which  were  formed  as  the  process  of  straining  went  on.  If  the  action  ■^^'as 
one  of  successive  twinning,  when  one  twin  had  formed  the  slip-lines  should,  as  the 
strain  })roceeded,  form  in  a  new  direction  over  its  surface,  and  hence,  as  more  and 
more  strain  was  given,  numerous  systems  of  slip-lines  running  in  various  directions 
should  appear,  so  grouped  as  to  exhibit  the  twin  character  of  the  crystals  produced 
by  the  earlier  part  of  the  straining.  Experiments  were,  therefore,  made  to  see 
whether  the  slip-lines  whicli  were  formed  during  the  application  of  the  strain  gave 
any  such  indication  of  a  change  of  orientation  in  any  part  of  the  crystal,  and  thus 
to  find  out  whether  re-crystallisation  was  a  direct  and  immediate  result  of  the  strain, 
or  happened  after  the  strain  liad  l^een  given. 

As  was  mentioned  on  jj.  231,  a  plane  unetched  surface,  such  as  that  obtained  from 
the  surface  of  the  casting  in  contact  with  the  air  dining  solidification,  should  be 
used  in  studying  the  direction  of  the  slip-lines.  A  specimen  was,  therefore,  cut  from 
an  unetched  single  crystal,  and  the  spiky  projections  were  cut  away  from  the  under 
side.  The  specimen  was  strained  by  bending  nearly  double  and  re-straightening. 
It  was  known  from  previous  experiments  that  after  such  a  strain  the  lead  always 
gave  evidence  of  re-crystallisation,  but,  on  examining  the  specimen  under  the  micro¬ 
scope,  it  was  found  that  the  slip  dines  extended  in  parallel  systenis  all  over  the 
surface  of  the  crystal.  An  area  was  marked  by  scratching  upon  the  surface  with 
a  steel  point,  and  was  photographed.  This  is  shown  in  fig.  25  (Plate  6),  and  although 
the  scratches  have  produced  a  certain  amount  of  local  displacement  of  the  slip-lines, 
it  is  obvious  tliat  these  all  run  in  directions  which  are  uniform  over  the  whole  strained 
area.  The  surface  was  now  etched,  and  tlie  same  area  was  again  photographed 
(fig.  26).  Numerous  patches  of  different  orientation  are  seen  to  have  appeared  which 
have  no  apparent  relation  with  the  sli])-lines  in  fig.  25.  It  is  clear,  thei'efore,  that 
these  })atches  have  been  developed  subse(pient  to  the  strain,  and  not  in  the  process 
of  straining. 

In  tlie  next  experiment  the  specimen  was  strained  first  of  all  in  a  similar  manner 
to  the  above,  tbat  is  to  say,  by  bending.  This  developed  simple  uniform  marking  by 
slip-lines.  The  specimen  was  then  allowed  to  rest  for  about  five  minutes,  and  was 
not  etched.  A  further  strain  was  then  applied  Ijy  tension.  When  this  was  applied, 
it  was  seen  that  upon  the  outlying  parts  the  slip-lines  ran  in  directions  uniform  with 
those  already  formed,  but  upon  tlie  middle  area,  whicli  had  already  been  sei'erely 
strained,  they  ran  in  numerous  directions  which  were  parallel  over  certain  small 
jiatches,  but  bore  no  apparent  I'elation  to  the  original  direction.  It  was  clear  from 
this  that  over  the  part  which  was  severely  strained  to  begin  with,  the  interval  of 
rest  had  caused  crystals  to  form  difiering  from  the  original  orientation,  their 
existence  being  manifested  by  the  new  directions  which  the  sliji-lines  assumed  ivhen 
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further  strain  was  applied.  Figs.  27  and  28  are  photographs  taken  (at  a  magnifica¬ 
tion  of  45  diameters)  of  a  marked  area  on  the  specimen  after  the  first  and  second 
straining  respectively. 

The  final  experiment  consisted  in  straining  a  single  crystal  in  tension  until  fracture 
occurred,  and  examining  the  slip  lines.  It  was  found  that  even  in  this  case,  although 
the  surface  was  to  some  extent  broken  up  by  Avavy  bands,  such  as  are  described  on 
p.  231,  yet  the  general  direction  of  the  slip  lines  was  constant  all  over  the  crystal, 
right  up  to  the  fracture.  In  other  words,  the  rearrangement  in  structure  of  which 
the  preAuous  experiment  had  given  evidence  does  not  occur  during  the  application  of 
a  strain,  eA’en  when  that  is  continued  up  to  the  limit  of  fracture. 

From  these  experiments  we  Avould  gather  that  the  formation  of  the  patches  of  new 
orientation  always  takes  place  after  the  stress  has  been  removed  and  is  not  directly 
the  result  of  a  general  revolution  of  some  of  the  crystalline  elements  in  the  process  of 
straining.  From  former  experiments  Ave  haAm  learned  that  in  parts  of  the  crystal 
where  the  strain  has  been  severe  the  patches  of  iieAv  orientation  appear  almost 
immediately  after  the  stress  is  remoAmd  and  gradually  extend  from  these  into  the 
remainder  of  the  strained  portion.  There  appears,  therefore,  to  be  no  Inroad  distinction 
between  the  change  Avhich  is  Ausible  (on  re-etching)  almost  directly  after  straining 
and  that  which  takes  place  after  a  certain  lapse  of  time.  Such  differences  as  are  found 
depend  on  the  amount  of  strain  to  Avhich  the  material  is  subjected  and  the  temperature 
at  AAdiich  it  is  kept ;  se^mre  straining  and  a  high  temperature  Ijoth  tend  to  increase 
the  subsecpient  rate  of  change  of  structure. 

This  re-crystallisation  Avhicli  has  been  shoAvn  to  go  on  in  an  individual  crystal  must 
be  distinguished  in  one  important  particular  from  that  Avhich  AA-as  oljseiwed  by  Eaaung 
and  Rosenhaix  to  go  on  in  strained  specimens  of  lead  composed  of  numeroTis  crystals 
united  together  by  a  thin  film  of  eutectic  formed  of  part  of  the  lead  united  AA'ith  the 
metallic  impuiities.  In  the  present  case  the  specimens  were  coinposed  of  practically 
pure  lead  and  the  action  Avas  one  of  a  splitting  up  of  tlie  originally  uniformly  oriented 
crystal  into  numerous  differently  oriented  parts,  the  action  proceeding  Avithout  tlie 
aid  of  any  eutectic.  In  ordinary  lead  Eaaung  and  IIosenhain  found  that  certain 
crystals  gradually  increased  in  size  by  SAvalloAA'ing  up  their  neighbours,  and  they  have 
suggested  that  this  Avas  due  to  a  “  solution  and  diffusion  of  the  pure  metal  constituting 
the  crystals  into  the  fusible  and  mobile  eutectic  forming  the  intercrystalline  cement.” 
It  is  interesting  to  note  in  this  connection  that  in  the  case  of  a  single  crystal  strained 
so  as  to  shoAv  newly  oriented  parts,  such  parts  shoAv  no  inclination  to  groAv  into  one 
another.  When  once  the  Avhole  of  the  specimen  Ijecomes  iieAvly  oriented,  further 
cooking  produces  no  further  change.  This,  so  fiir  as  it  goes,  may  he  regarded  as  in 
agreement  Avith  the  theoiy  of  difiusion  through  the  eutectic,  as  there  Avoidd  in  the 
case  of  an  originally  uniformly^  oriented  ciystal  be  no  eutectic  between  the  iieAvly 
oriented  parts,  and  hence  no  such  groAvth  Avould  Ije  possible. 

With  regard  to  the  formation  of  tAvin  cry^stals  Ave  may,  hoAvever,  apply  a  similar 
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explanation  in  both  cases.  To  quote  from  ErviXG  and  Eosexhaix’s  paper  :  “  When 
a  metal  solidifies  from  the  licpiid  state  it  does  so  by  the  formation  of  skeleton  crystals 
starting  from  a  great  number  of  centres,  and  the  arms  of  these  skeletons  continue  to 
grow  until  arrested  by  meeting  with  other  growths.  From  these  arms  other  arms 
again  shoot  out,  and  so  on  until  the  entire  metal  is  solidified ;  but  each  crystalline 
element  as  it  settles  into  place  on  any  of  these  arms  must  assume  the  proper  orientation 
to  enable  it  to  fit  in,  and  in  the  process  of  filling  space  by  lueans  of  such  a  system  of 
many  meeting  and  interlacing  arms  the  formation  of  a  twin  would  be  almost 
impossible.  But  when  the  metal  crystallises  after  severe  strain  it  does  so  by  the 
growth  of  skeleton  arms  that  must  often  start  from  a  cleavage  plane  of  an  actual 
solid  crystal,  and  probably  the  new  elements  deposited  upon  such  a  plane  would  find 
it  as  easy  to  assume  the  twin  orientation  as  the  normal.” 

In  the  present  case  it  is  exceedingly  probable  that  practically  all  the  jratches  of  new 
orientation  start  from  a  cleavage  plane,  and  hence  the  formation  of  twin  crystals 
won  Id  be  exceedingly  comm  on,  as  in  fact  it  is. 

In  conclusion,  the  autlior  would  like  to  express  his  thanks  to  Professor  Ewix’G  for 
the  great  help  and  many  suggestions  which  he  has  given.  The  research  has  been 
carried  out,  under  his  direction,  in  the  Engineering  Laboratory  at  Cambridge. 
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It  is  well  known  that  metals  will  break  down  under  repeated  application,  and 
especially  under  repeated  reversal,  of  stresses  greatly  less  than  those  that  have  to  he 
applied  when  the  “  ultimate  strength  ”  of  the  material  is  tested  in  the  ordinary  way. 
The  researches  of  Wohler  have  shown,  for  example,  that  iron  capable  of  bearing 
about  20  tons  per  sq.  inch  of  steady  load  will  break  when  it  is  exposed  to  some 
millions  of  reversals  of  a  stress  of  8  or  9  tons  per  sq.  inch,  alternately  in  compression 
and  extension.  When  the  alternating  stress  is  increased  a  smaller  number  of 
reversals  suffices  to  produce  rupture.  On  the  other  hand,  examples  such  as  are 
furnished  in  the  balance-spring  of  a  watch,  or  in  a  railway  axle,  show  that  very  many 
million  repetitions  may  lie  applied  wdth  impunity,  provided  the  limit  of  greatest  stress 
be  kept  sufficiently  low.  The  mild  steel  axle  of  a  railway  carriage  is  exposed  to 
many  million  reversals  of  a  stress  which,  in  some  cases,  approaches  as  high  a  value  as 
5  tons  on  the  sq.  inch,  apparently  -with  perfect  impunity,  foi-  it  seems  proliable  that 
in  the  rai'e  instances  where  fracture  of  such  axles  has  occurred  an  explanation  is  to  lie 
found  in  the  gradual  spreading  of  a  crack  from  an  origin  supplied  by  an  air-bubble  or 
other  primitive  defect  in  the  material.  But  Wooler’s  researches,  wdiich  have  been 
confirmed  by  other  observers,^  give  evidence  that  a  stress  not  very  much  greater 
than  this,  and  far  below  not  only  the  idtimate  strengtli  but  even  the  “yield-point  ”  of 
the  metal,  will  produce  what  is  called  “fatigue”  and  bring  about  fracture  when 
reversal  of  the  stress  is  rejieated  many  times. 

The  jmrpose  of  this  paper  is  to  describe  experiments  in  which  the  microscope  has 
been  applied  to  study  the  nature  of  the  process  of  fatigue  by  which  breakdown  occurs 
under  repeated  reversals  of  stress.  The  experiments  have  been  made  during  the  past 
year  in  the  Engineering  Laboratory  at  Cambridge.  The  metal  chosen  for  experiment 
was  Swedish  iron,  of  high  and  very  uniform  quality.  It  had  the  further  advantage  for 

*  Particulars  of  the  researches  on  this  subject  of  Wohler,  Spaxgenberg,  Baker,  and  Bauschixger 
will  be  found  in  Professor  Unwix’s  ‘  Treatise  on  the  Testing  of  ^laterials  of  Construction,’  chap.  xiii. 
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our  purpose  of  possessing  a  clearly  defined  and  fairly  large  crystalline  structure,  yell 
adapted  yhen  polished  and  etched  to  exhibit  the  characteristic  lines  knoyn  as  “  slip- 
lines or  “  sh2)-hands,”  yhich  ajDpear  in  ordinary  testing  when  any  portion  of  the 
material  has  passed  its  limit  of  elasticity  under  strain.*  We  used  the  metal  in  the 
form  of  rods  with  a  rectangular  section,  the  dimensions  being  aj^proximately  0‘3  inch 
by  OH  inch,  and  to  make  the  structure  as  uniform  as  possible  these  were  in  all  cases 
annealed  by  being  kejit  for  about  two  hours  at  a  duU  red  heat,  while  enclosed  in  a 
tube  filled  yfith  lime,  in  a  jnufile  furnace.  One  of  the  surfaces  of  each  rod  was  jDolished 


and  etched,  and  the  rod  was  subjected  to  reyersals  of  stress  by  bending,  so  that  the 
polished  surface  was  alternately  extended  and  compressed.  This  was  done,  as  in 
Wohler’s  original  experiments,  by  making  the  rod  project  from  a  reyohung  shaft  with 
a  load  on  the  ju’oj acting  end.  As  the  process  went  on  the  rod  was  from  time  to  time 
examined  under  the  microscope,  and  in  seyeral  cases  j^hotographs  of  the  same  ciystals 
were  taken  at  each  stage  to  record  the  progressive  effect  of  repeated  reyersals  of  stress. 

Ewing  and  Rosenhain,  “The  Cry.stalline  Structure  of  Aletals”  (Bakeriau  Lectiue,  1899),  ‘Phil. 
Trans.,’  A,  vol.  19.3,  j).  3.53. 
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A  tensile  test  of  the  Swedish  iron  rod  used  in  these  experiments,  carried  out  in  a 
testing  machine  in  the  usual  manner,  showed  a  breaking  strength  of  23 ’6  tons  per 
sq.  inch  (reckoned  on  the  original  area  of  section),  with  an  ultimate  extension  of 
0'8  inch  in  a  length  of  3  inches,  and  a  contraction  of  area  at  the  break  amounting  to 
61  per  cent.  There  was  a  well-marked  yield-point  when  the  stress  reached  the  value 
of  ]  4’1  tons  per  sq.  inch.  The  diagram,  fig.  1,  shows  the  relation  ot  extension  to  load 
up  to  this  yield -point  as  measured  by  a  microscope  extensometer  designed  by  one  of 
the  authors.  It  will  be  seen  from  this  that  the  extension  remains  proportional  (as 
nearly  as  can  be  judged)  to  the  load,  up  to  a  stress  of  about  13  tons  per  sq.  inch. 
The  value  of  Young’s  modulus,  deduced  from  these  measurements,  is  13,200  tons  per 
sq.  inch. 

The  apjjaratus  for  applying  repeated  reversals  of  stress  is  shown  in  fig.  2.  There  a 
IS  the  specimen  under  observation.  It  projects  from  the  ejid  of  a  shaft  which  was 


caused  to  rotate,  by  means  of  an  electric  motor,  at  a  speed  of  about  400  revolutions 
per  minute.  To  tlie  outer  end  of  the  s[)ecimen  a  load  was  applied  causing  a  bending 
moment,  dliis  was  done  by  attaching  a  brass  cap,  h,  which  turned  freely  in  a  steel 
ring,  c,  the  ring  being  pulled  downwards  with  a  steady  force  which  was  measured  on 
a  spring  balance.  The  screw  coiqjling,  d,  allowed  the  load  to  be  adjusted  to  any 
desired  amount.  The  numher  of  reversals  of  stress  was  recorded  by  a  revolution 
counter,  e.  The  specimen  under  test  was  filed  to  a  uniform  I'ectangular  section  of 
about  0'3  inch  by  OT  inch.  Part  of  one  of  the  broad  faces  was  jjolished  and  was,  in 
general,  etched  by  dilute  nitric  acid.  The  specimen  was  inserted  in  the  grip  at  the 
end  of  the  shaft,  adjusted  to  run  true,  and  the  desired  load  was  applied.  Alter 
making  a  certain  number  of  reversals  the  specimen  was  taken  out  for  microscopic 
examination ;  it  was  then  replaced  for  a  further  run,  and  so  on,  no  difficulty  being 
experienced  in  replacing  it  each  time  m  the  same  position  as  at  first. 
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J3efore  the  experiments  Avere  made  it  had  been  conjectured  that  the  de.striictive 
effect  of  repeated  alternations  of  stress  might  he  ascribed  to  a  loosening  of  the  inter- 
crystalline  cement  rather  than  to  damage  of  indi^ddual  crY.stals.  PreAnoiis  exjDeri- 
ments  had  shown  that  in  fracture  by  ordinary  2:)rogressively  augmented  strain  the 
material  gives  way,  in  general,  not  at  boundaries,  but  through  the  crystals  them¬ 
selves,'^  but  it  seemed  po.s.sible  that  the  effect  of  repeated  straining  might  be  different 
in  this  re.spect.  By  way  of  testing  the  point  the  experiment  was  made  of  .subjecting 
an  unetched  .specimen  to  majiy  rever.sals  of  stress,  in  order  to  see  wliether  the  inter- 
crystalline  boundaries  became  apparent  as  they  would  do  if  yielding  took  place 
between  each  crystal  and  its  neio-hbours.  Nothing  of  the  kind  was  seen,  though  the 
l^oundaries  in  some  instances  could  l^e  traced  through  the  development  in  different 
directions  of  .slip-bands  over  individual  neighbouring  crystals.  And  later  experi¬ 
ments,  v.'hich  will  now  be  described,  demonstrated  that  the  mischief  which  is  done  by 
repeated  straining  occurs  in  cpiite  a.  different  way. 

In  experiments  made  with  stre.sses  ranging  from  14  down  to  9  tons  per  sq.  inch  it 
was  found  that  fracture  ultimately  resulted  in  all  cases.  The  course  of  the  break¬ 
down  was  as  follows  ; — Tlie  first  examination,  made  after  a  few  reversals  of  the  stress, 
.showed  slips-lines  on  some  of  the  cin^stals,  on  many  of  them  if  the  stress  was 
comparatively  great,  but  on  a  few  only  if  the  stress  did  not  much  exceed  the  lower 
limit  named  above  (of  9  tons  per  sq.  inch).  At  this  early  stage  the  slip-lines  were 
(piite  similar  in  apiiearance  to  those  which  are  seen  when  a  simple  tensile  stress 
exceeding  the  elastic  limit  is  applied.  Viewed  under  vertical  illumination  they 
appeared  as  fine  dark  lines.  After  more  reversals  of  stress  additional  .slip-lines 
appeared,  which  had  not  been  visible  in  the  first  instance,  but  the  most  conspicuous 
feature  was  that  those  which  were  visible  before  became  far  more  distinct  and  showed 
a  tendency  to  liroaden.  After  many  rever.sals  they  changed  into  comparatively  wide 
bands  vrith  rather  hazily  defined  edges,  losing  entirely  the  fine  and  sharp  character 
v.hich  slip-lines  })resent  when  they  first  appear.  As  tlie  number  of  reversals 
increased  this  process  of  broadening  continued,  and  some  parts  of  the  surface  became 
almost  covered  with  dark  markings  made  up  of  groups  of  broadened  lines.  Vdlien 
this  stage  was  reached  it  was  found  that  some  of  the  crystals  had  cracked.  The 
ci'acks  occurred  along  Ijroadened  slip-bands  ;  in  some  instances  they  were  first  seen  on 
a  single  crystal,  but  soon  they  joined  up  from  crystal  to  crystal,  until  finally  a  long 
continuous  crack  was  developed  across  the  surfree  of  the  .sjiecimen.  AYheii  this 
happened  a  few  more  reversals  brought  about  fracture. 

In  this  description  we  have  provisionally  named  a  lower  limit  of  9  tons  jjer  sq.  inch, 
but  the  experiments  give  grounds  for  belie^■ing  tliat  an  even  smaller  stress  will 
produce  fracture  in  a  similar  manner  if  the  process  of  reversing  the  stress  is  continued 
sufiicientlv  long.  There  is  clear  evidence  that  with  9  tons  per  sq.  inch  fracture 
results.  But  we  have  also  observed  tliat  with  8,  and  even  7,  tons  per  sq.  inch  slip- 

*  Ewixg  and  Eosexhaix,  he.  cif.,  p.  372. 


245 


FRACTURE  OF  METALS  UNDER  REPEATED  ALTERNATIONS  OF  STRESS. 


lilies  appear,  and  that  after  many  reversals  they  become  accentuated  and  broaden  in 
the  manner  that  has  been  described.  Tliere  is,  therefore,  a  strong  presumption  that 
reversals  of  a  stress  of  8,  or  even  7,  tons  would  ultimately  develop  cracks  in  the  same 
manner  as  tliey  are  developed  by  stresses  of  9  tons  per  sq.  inch  and  over. 

The  destructive  process,  of  which  the  above  is  a  brief  account,  is  illustrated  in  the 
accompanying  micro-photographs  (Plates  7-9). 

The  first  series  show  part  of  a  specimen  vdiich  had  been  subjected  to  a  stress  the 
maximum  value  of  vdiich,  close  to  tlie  grips,  vms  14 '3  tons  per  sq.  inch.  In  this 
series  the  magnification  is  150  diameters.  Fig.  3  was  taken  after  5000  reversals  had 
been  given.  A  few  of  the  crystals  exhibit  signs  of  slip,  the  slip-lines  being  still  fairly 
fine  and  sharp.  Two  crystals  in  the  photograph  are  seen  to  have  yielded  more  tlian 
the  others.  Figs.  4  and  5  show  the  same  set  of  crystals  after  40,000  and  GO, 000 
reversals  of  stress  res})ectively.  In  fig.  4  a  good  many  more  crystals  show  signs  of 
slip,  and  the  slip-lines  vdiich  appeared  in  fig.  3  are  far  more  strongly  defined.  In 
some  cases  it  vdll  he  seen  that  the  lines  have  so  broadened  out  as  to  run  together  and 
form  dark  patches  on  the  surface  of  the  crystals.  In  fig.  5  a  still  further  breaking  up 
of  the  surface  by  slip  has  occurred.  At  tliis  stage,  and  probably  earlier,  some  of  the 
slip-hands  have  developed  into  small  cracks.  Such  a  crack  is  seen  near  the  top  ligfit- 
hand  coiner  of  the  figure,  first  of  all  close  to  a  crystalline  boundary,  and  then  in  steps 
across  the  next  crystal.  On  the  latter  crystal  two  systems  of  slip-liands  had  formed 
at  right  angles  to  one  another  and  at  about  45°  to  the  direction  of  stress.  Only  one 
system  is  clearly  visible  in  the  photograph,  but  it  will  be  seen  that  the  crack  runs  in 
steps  along  both.  Fig.  5  shows  not  only  the  development  of  this  crack,  but  also 
a  general  increase  in  width,  length,  and  number  of  the  slip-bands.  This  was 
practically  the  final  stage,  so  far  as  this  portion  of  the  surface  was  concerned,  for  the 
specimen  broke  after  another  10,000  reversals  along  a  crack  outside  the  field  of  these 
photographs. 

When  viewed  in  this  state  it  is  not  practicable  to  tell  how  many  of  the  slip-bands 
have  actually  developed  into  cracks,  but  this  is  readily  seen  when  the  specimen  is 
re-polished  and  re-etched.  This  treatment  olditerates  any  ordinary  slip-bands  which 
are  steps  marking  differences  of  surface  level,  Imt  any  cracks  remain  visiljle.  The 
specimen  which  gave  this  series  of  photographs  was  accordingly  re-polished  sufliciently 
to  clear  away  the  slip-bands,  and  vns  re-etched.  This  left  the  cracks  alone  visible, 
rather  accentuated  indeed,  for  the  sides  of  the  cracks  are  to  some  extent  eaten  away 
by  the  acid,  and  hence  the  width  of  the  crack  is  increased.  Fig.  G  shoves  the  same 
part  of  the  specimen  as  figs.  3,  4,  and  5,  after  re-polishing  and  re-etching.  The  slip- 
bands  have  disappeared,  except  wliere  they  have  formed  cracks.  A  careful  comparison 
of  this  vfith  fig.  3  will  show  vdiere  cracks  have  formed.  The  most  conspicuous  crack 
is  at  AA,  and  its  zig-zag  character  as  it  follows  the  two  directions  of  slip-bands  across 
one  of  the  crystals  is  specially  noticealfie. 

The  specimen  illustiated  in  the  next  photograpli,  fig.  7,  had  been  subjectetl  to 
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170,000  reversals  of  a  stress  of  12 ‘3  tons  per  sq.  inch,  at  Avhich  it  broke.  The  spot 
shown  (magnified  150  diameters)  is  a  little  way  further  from  the  grips  than  the  crack 
through  which  the  specimen  actually  broke,  hut  another  severe  crack  is  seen  running 
across  the  centre  of  the  figure.  Comparing  this  wfith  fig.  5,  it  will  he  at  once  seen 
that  there  are  far  fewer  lines  due  to  slip  upon  each  individual  crystal  than  in  the 
former  specimen.  Fig.  8  shows  the  same  spot  after  re-polishing  and  etching. 
Comparing  this  wdth  fig.  G  it  is  seen  that  a  greater  proportion  of  the  slip-lines  appear 
in  this  instance  as  cracks  after  re-polishing.  The  maximum  stress  is  less  here  than 
in  the  former  example,  and  more  than  twice  as  many  reversals  were  required  to  bring 
about  fracture.  This  agrees  with  wliat  has  been  found  for  all  other  specimens 
I'jroken,  viz.,  the  lower  the  sti’ess  the  fewer  the  slip-lines  upon  each  crystal,  but  the 
greater  proportion  of  these  actually  develoj:)  into  cracks  under  the  .more  numerous 
reversals  to  wdiich  the  less  severely  stressed  specime:i  is  exposed. 

The  ])hotograplis  described  al)ove  are  on  rattier  too  small  a  scale  for  the  actual 
changes  in  the  slip-lines  themselves  to  be  clear!}’'  seen,  and  these  are  better  illustrated 
by  the  next  series,  figs.  9-12.  These  show  with  a  magnification  of  1000  diameters 
a  small  part  of  the  surface  of  another  specimen  of  the  same  iron  which  was  subjected  to 
reversals  of  12  A  tons  per  sq.  inch.  Fig.  9  is  taken  after  1000  reversals.  The  slip-hands 
wdiich  have  formed  are  very  faintly  visible  as  fine  lines  upon  the  surface  of  the  ciystal. 
Fig.  10  is  after  2000  reversals ;  the  slip-bands  seen  in  fig.  9  are  now  more  distinct,  and 
some  new  ones  on  the  right  of  the  crystal  are  fairly  strongly  defined.  Fig.  11  is  after 
10,000  reversals ;  some  of  the  slip-bands  now  show  a  decided  tendency  to  broaden  out 
and  those  upon  the  right  have  extended  further  across  the  crystal.  Fig.  12,  taken 
after  40,000  reversals  of  stress,  shows  further  broadening  out  and  spreading  of  the 

slip-bands.  At  this  stage  it  could  be  seen 
by  the  focussing  that  this  lu’oadening  was 


crystal.  It  is  to  be  conjectured  that  the 
action  is  of  the  kind  indicated  in  the 
sketch  (fig.  13)  wdiere  («)  represents  an 
ordinaiy  slip-band  seen  in  section  at 
right  angles  to  its  length,  and  (h)  repre¬ 
sents  the  efiect  of  I'eversals  of  stress 
upon  it.  Very  little  further  change  took 
place  in  the  particular  ciystal  of  figs. 
9-12  as  further  reversals  were  applied,  the  siDecimen  breaking  elsewhere  after 
160,000  reversals.  It  has  been  noticed  in  this  respect  that  wdien  once  an  incipient 
crack  heghis  to  form  across  a  certain  set  of  crystals,  tlie  effect  of  further  reversals 


due  to  a  heaving-up  of  the  surface  of  the 
ciystal  in  the  neighbourhood  of  each 
slip-band,  the  markings  being  decidedly 
above  the  level  of  the  other  parts  of  the 
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is  mainly  confined  to  the  neighboiniiood  of  the  crack,  other  crystals  (as  was  the  case 
with  that  illustrated  in  figs.  9-12)  changing  hut  slightly. 

Fig.  14  (Plate  8)  shows  a  different  part  of  the  same  specimen  (after  it  had  broken),  also 
under  a  magnification  of  1000  diameters.  The  broad  band  in  the  middle  of  the  crystal 
is  a  crack  which  has  develoj^ed  along  what  was  originadly  a  line  of  slip.  The  heaving-up 
of  the  surface  along  the  edges  of  the  crack  is  well  marked  and  may  he  compared 
with  similar  appearances  at  the  edges  of  slip-bands  in  other  parts  of  the  photograph. 

The  stresses  which  are  stated  here  are  in  all  cases  calculated  from  the  observed 
load,  as  measured  by  the  spring  balance,  acting  at  tlie  end  of  })rojecting  beam  or 
“  cantilever,”  and  they  are  the  values  which  (on  the  ordinary  theory  of  bending)  are 
reached  at  a  place  close  to  the  clamp.  It  was  observed,  ho^vever,  that  the 
destructive  effects  of  reversals  were  not  confined  to  the  metal  immediately  adjacent 
to  the  clamps,  but  extended  in  most  cases  for  a  considerable  way  towards  the  loaded 
end  of  the  specimen.  The  development  of  slip-bands,  and  their  gradually  widening 
and  final  conveision  into  cracks,  occurred  in  some  cases  at  least  half-an-inch  from  the 
clamp,  at  a  place  where  the  fixing  of  the  specimen  could  not  disturb  the  distribution 
of  stress  in  any  way. 

In  another  experiment  the  load  was  such  as  to  produce  a  maximum  stress,  close  to 
the  clamp,  of  9 ’2  tons  per  sq.  inch,  and  800,000  reversals  were  given.  It  was  then 
seen  that  the  greater  number  (though  not  all)  of  those  crystals  which  closely  adjoined 
the  place  where  the  specimen  was  clamped  showed  signs  of  repeated  slip.  Further 
away  from  the  clam23  the  slij^-lines  became  less  numerous  ;  but  they  were  plainly  seen 
on  individual  crystals  as  much  as  half-an-inch  from  the  clamp.  At  the  most  distant 
places  where  slip-lines  were  plainly  apparent  the  stress  was  only  7  "3  tons  per  sq.  inch. 
It  was  clear  that  a  stress  no  greater  than  this  was  sufficient  to  develop  slips,  under 
many  reversals,  and  that  the  lines  so  produced  became  accentiiated  as  the  process 
went  on. 

This  was  confirmed  by  another  experiment  in  which  the  maximum  stress,  close  to 
the  clamp,  was  only  6 ’9  tons  per  sq.  inch.  After  3,000,000  reversals  of  this  stress 
one  slip-hand  was  observed  on  a  crystal  a  little  way  from  tlie  clamp.  This  is  shown 
in  fig.  15,  where  the  slip-band  is  seen  in  the  hi'oadened  condition  which  resulted  from 
3,000,000  reversals  of  stress.  Prior  to  this,  the  same  specimen  had  suffered  1,000,000 
reversals  of  a  stress  of  5 '3  tons  per  sq.  inch,  without  showing  the  smallest  sign  of 
damage.  It  was  only  after  increasing  the  stress  to  6  '9  tons  per  sq.  incli  that  any  action 
became  apparent.  It  is  an  open  question  whether  an  isolated  slip-band  such  as  tliis 
would  have  led  to  fracture,  if  the  process  of  reversal  had  been  continued.  At  the 
conclusion  of  the  experiment  it  was  still  confined  to  one  crystal  and  it  did  not  even 
extend  all  the  way  across  that. 

We  have  noticed  that  when  lines  indicating  slip  appear  during  reversals  of  a 
comparatively  small  stress,  they  are  generally  to  be  found  in  the  central  parts  of 
individual  crystals,  not  extending  to  the  boundaries  of  the  crystal. 
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It  a2)2)ears,  tlien,  that  tliis  material  sutfers  no  damage  fiom  repeated  reversals  of  a 
stress  of  5  tons  per  S(p  inch  ;  but  tliat  when  tlie  stress  is  raised  to  7  tons  per  sq.  inch 
signs  of  fatigue  are  apparent  after  many  reversals.  And  further,  that  with  a  stress 
of  no  more  than  9  tons  per  sq.  inch,  the  damage  caused  by  reversals  is  so  considerable 
that  cracks  are  formed  and  the  piece  breaks.  In  all  23robability  fracture  through  the 
formation  of  cracks  would  occur  with  7  tons  also,  thouoli  all  that  is  actuaUv 
demonstrated  for  this  stress  is  that  it  causes  slip-bands  to  appear  and  to  become 
accentuated  in  the  manner  ^^Inch,  with  greater  stresses,  leads  to  the  development  of 
cracks. 

It  is  remarkaljle  that  these  actions  are  Ijrought  about  by  stresses  much  below  what 
is  ordinarily  understood  by  the  elastic  limit  of  the  material.  A  tensile  test  shows 
proportionality  of  strain  to  stress  up  to  12  or  13  tons  per  sq.  inch,  with  no  apparent 
defect  of  elasticity.  The  conditions  under  which  tliese  exj^eriments  were  made  seem 
to  exclude  the  possil^ility  that  vibration  gave  lise  to  local  augmentation  of  the 
stresses.  The  manner  in  which  the  slip-lines  appear  shows  that  some  crystals  reach  a 
limit  of  elasticity  sooner  than  others.  This  is  no  doubt  to  be  ascribed  in  part  to  their 
Ijeing  so  oriented  that  the  gliding  planes,  on  whicli  slip  occurs,  are  inclined  in  the 
direction  wliich  is  most  favourable  to  tire  action  of  tangential  stress.  But  besides 
tlris,  it  may  be  conjectured  that  in  a  complex  structure  built  up  of  nrany  crystals 
irregular  in  form  the  distribution  of  stress  fi'om  crystal  to  crystal  is  by  no  means 
honroo-eneous. 

o 

Whatever  the  selective  action  of  the  stress  is  due  to,  the  experiments  demonstrate 
that  in  repeated  reversals  of  stress  certain  crystals  are  attacked  and  yield  by  slipping, 
as  in  other  cases  of  non-elastic  strain.  Then,  as  the  inversals  proceed,  the  surfaces  on 
which  slijjping  has  occurred  continue  to  be  surfaces  of  weakness.  The  parts  of  the 
crystal  lying  on  the  two  sides  of  each  such  surface  continue  to  slide  back  and  forth 
over  one  another.  Tlie  efPect  of  this  repeated  sliding  or  grinding  is  seen  at  the 
polislied  surface  of  the  specimen  ])y  the  production  of  a  hiirr,  or  rough  and  jagged 
irregidar  edge,  broadening  the  slip-ljand,  and  suggesting  the  accumulation  of  debris. 
Within  the  crystal  this  repeated  grinding  tends  to  destroy  the  cohesion  of  the  metal 
across  the  surface  of  slip,  and  in  certain  cases  this  develops  into  a  crack.  Once  the 
crack  is  formed  it  (juickly  grows  in  a  well-known  manner,  by  tearing  at  its  edge,  in 
consequence  of  the  concentration  of  stress  which  results  from  lack  of  continuity. 
Engineers  are  familiar  with  the  development  of  cracks,  even  in  tlie  most  ductile 
materials,  when  these  are  initiated  at  air-bubbles  or  other  flaws.  The  present 
experiments  show  liow  a  crack  may  be  formed,  without  any  flaw  to  serve  as  nucleus, 
the  first  breach  of  continuity  being  set  up  through  repeated  grinding  on  a  plane  of 
slip  in  ijerfectly  sound  metal. 

The  experiments  throw  light  on  the  known  fact  that  fracture  by  repeated  reversals 
or  alternations  of  stress  resembles  fracture  resulting  from  a  “  creeping  ”  flaw  in  its 
abruptness  and  in  the  absence  of  local  drawing-out  or  other  deformation  of  shape. 
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They  also  help  to  explain  why  it  is  that  a  piece  that  has  been  subjected  to  many 
reversals  shows  no  apparent  loss  of  strength  or  plasticity  when  subjected  to  an 
ordinary  tensile  test.  So  long  as  the  reversals  have  not  yet  reached  the  stage  ot 
producing  cracks,  it  is  not  to  be  expected  that  such  a  test  will  detect  the 
deterioration  which  has  occurred.  The  material  will  still  yield  by  slipping  much  as 
at  first,  and  neither  its  plasticity  nor  its  strength  need  show  much  change. 

Interesting  points  suggest  themselves  which  require  further  investigation.  It  is 
well  known  that  when  a  plastic  metal  such  as  iron  is  strained  sufficiently  to  take 
j)ermanent  “  set,”  it  suffers  a  temporary  loss  of  elasticity,  which  is  recoverable  by 
lapse  of  time,  the  recovery  of  which,  as  Muir  has  shown,  may  be  enormously 
accelerated  by  warming  the  piece  to  such  a  temperature  as  100°  This  may  be 
ascribed  to  a  gradual  healing  action  which  restores  the  resistance  to  sliding  on  the 
planes  of  slip  after  they  have  been  weakened  by  the  first  severe  strain.  The  first 
strain  makes  subsequent  slipping  easier,  for  a  time,  but  when  the  material  has  a  long 
enough  rest  recovery  ensues.  Probably  enough  a  similar  recovery  would  occur  if 
during  the  application  of  reversals  of  stress  long  intervals  of  rest  were  allowed,  and 
still  more  if  during  these  intervals  the  temperature  of  the  piece  were  raised.  It  may 
be  conjectured  that  such  treatment  would  arrest  the  destructive  process  of  fatigue  in 
its  earlier  stages,  and  give  the  material  a  new  lease  of  life.  The  damage  which 
alternating  stresses  produce  probably  depends  not  only  on  the  amount  of  the  stress 
and  the  number  of  alternations  it  suffers,  liut  on  the  rapidity  with  which  the 
alternations  follow  one  another,!  and  on  the  continuity  or  otherwise  of  the  alternating 
action. 


Description  of  Plates. 

PLATE  7. 

Figs.  3-6.  Fatigue  of  Swedish  iron  by  reversals  of  a  stress  of  14 ‘3  tons  per  sq.  inch. 
Magnification  150  diameters. 

Fig.  3  after  5,000  reversals. 

Fig.  4  after  40,000  reversals. 

Fig.  5  after  60,000  reversals. 

Fig.  6  after  70,000  reversals,  followed  by  re-})olishing  and  re-etching. 

*  Muir,  “  On  the  Recovery  of  Iron  from  Overstrain,”  ‘Phil.  Trans.,’  A,  vol.  193,  p.  1. 
t  On  this  point,  the  experiments  of  Osborne  Reynolds  and  J.  H.  Smith  (‘Proc.  Roy.  Soc.,’  vol.  70, 
1902,  p.  44)  have  already  shown  that  rapid  reversals  are  more  destructive  than  less  rapid  reversals,  in  the 
sense  that  to  make  fractures  result  from  an  equal  number  of  both,  the  maximum  stress  must  be  higher 
when  the  number  of  reversals  per  minute  is  less. 
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PLATES  8  AND  9.‘ 

Figs.  7-8.  Fatigue  of  Swedish  iron  by  reversals  of  a  stress  of  12’3  tons  per  sq.  inch. 
Maeiiification  150  diameters. 

Fig.  7  after  170,000  reversals. 

Fig.  8  same  after  re-polishing  and  re- etching. 

Figs,  9-12.  Fatigue  of  Swedish  iron  by  reversals  of  a  stress  of  12’4  tons  per  sq.  inch. 
Mao;nification  1000  diameters. 

Fig.  9  after  1,000  reversals. 

Fig.  10  after  2,000  reversals. 

Fig.  11  after  10,000  reversals. 

Fig.  12  after  40,000  reversals. 

Fig.  14.  Another  part  of  the  same  specimen  after  160,000  reversals. 

Development  of  a  slip-band  by  3,000,000  reversals  of  a  stress  of  6 ’9  tons 
jDer  sq.  inch. 


Fig.  15. 
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Fig.  3.  Specimen  of  S\ve<lish  iron  after  5000  revei'saLs  of  a 
stres.s  of  l-f'3  tons  per  S(p  inch,  x  150. 


Fig.  4.  Same  after  40,000  reversals,  x  150. 


Fig.  5.  Same  after  60,000  reversals,  x  150. 


Fig.  G.  Same  after  70,000  reversals  and  re-polishing  and 
re-etching,  x  150. 
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Fig.  7.  Specimen  ;ifter  170,000  reveisals  of  a  mti’css  nf  12-.‘) 
tons  2)ei'  S(i.  inch,  x  150. 


Fig.  S,  Same  after  I'c-polishing  and  re-ctcliing.  x  150. 


lOg.  14.  Another  jjart  of  tlie  sjiecinien  f)f  figs.  0-12,  after 
100,000  reversals,  x  1000. 


Fig.  15.  S|:ecimen  after  .‘1,000,000  revei.sals  of  a  stiess  nf 
O'O  t(m.s  jier  sp.  inch.  x  1000. 
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Inteoduction. 

By  aid  of  the  methods  of  a  paper  on  “Ellipsoidal  Harmonic  Analysis”  (‘Phil.  Trans., 
A,  vol.  197,  })p.  4G1-557),  I  here  resume  the  subject  of  a  previous  paper  (‘  Phil.  Trans.,’ 
A,  vol.  ]  98,  pp.  301-331).  Tliese  papers  will  he  referred  to  hereafter  by  the  abridged 
titles  of  “  Harmonics”  and  “The  Pear-shaped  Figure.”' 

At  the  end  of  the  latter  of  these  it  was  stated  that  the  stahilitv  of  the  fio’ure  coidd 

«y  o 

not  he  proved  definitely  without  approximation  of  a  higlier  order  of  accuracy.  After 
some  correspondeiice  witli  M.  Poincare;  during  the  course  of  my  work,  I  made  an 
attemjit  to  carry  out  this  further  approximation,  hut  found  that  the  expression 
for  a  certain  portion  of  tlie  energy  entirely  foiled  me.  Meanwhile  he  liad  turned  his 
attentioii  to  the  subject,  and  lie  has  shown  (‘Phil.  Tran.s.,’ A,  vol.  198,  pp.  333-373) 
by  a  method  of  the  greatest  ingenuity  and  skill  how  the  prolilem  ma}^  lie  solved.  He 
has  not,  however,  pursued  the  arduous  task  of  converting  his  analytical  results  into 
numbers,  so  that  he  left  the  question  as  to  the  stability  of  the  pear  still  unanswered. 

M.  Poincare  was  so  kind  as  to  allow  me  to  detain  his  manuscript  on  its  way  to  the 
Royal  Society  tor  two  or  three  days,  and  I  devoted  that  time  almost  entirely  to 
understanding  the  method  of  his  attack  on  the  key  of  the  position — namely,  the 
method  of  doulile  layers,  exjDounded  in  my  own  language  in  §  9  below.  Being  thus 
furnished  with  the  means,  T  was  able  to  resume  my  attempt  under  favourable 
conditions,  and  this  paper  is  the  result. 

The  substance  of  the  analysis  of  this  paper  is,  of  course,  essentially  the  same  as  his, 
lint  the  arrangement  and  notation  are  so  different  that  the  two  present  but  little 
superficial  resemblance.  This  difference  arises  partly  from  the  fact  that  I  desired  to 
use  my  own  notation  for  the  ellijisoidal  harmonics,  and  partly  liecause  during  the  time 
tliat  I  was  working  at  the  analysis  his  paper  was  still  unprinted  and  therefore 
inaccessible  to  me.  But  it  is,  perhaps,  Avell  that  the  trvo  iuA'estigations  of  so 
complicated  a  suliject  should  lie  nearly  independent  of  one  another. 

It  is  rather  unf  u'tunate  that  I  did  not  feel  myself  sufficiently  expert  in  the  use  of 
the  methods  of  Weierstrass  and  Schaaavrz  to  ewduate  tlie  elliptic  integrals  after  the 
methods  suggested  liy  M.  Poincare,  Imt  every  exertion  has  been  taken  to  insure 
correctness  in  the  arithmetical  results,  on  Avhich  the  proof  of  stability  depends.  My 
choice  of  antiquated  methods  of  computation  leavms  tlie  Avay  open  for  some  one  else  to 
verify  the  conclusions  liy  wholly  independent  and  more  elegant  calculations.  It  is 
lilghly  desiralfie  that  such  a  Aerification  should  he  made. 

As  the  liody  of  this  paper  Avill  hardly  he  studied  by  any  one  unless  they  should  be 
actually  Avorking  at  the  sidiject,  I  give  a  summary  at  the  end.  EA’en  the  mathe¬ 
matician  AAdio  desires  to  study  the  subject  in  detail  may  find  it  adA’antageous  to  read 
the  summary  before  looking  at  the  analytical  investigation. 
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PART  I. 

Analytical  Investigation. 


§  1.  Method  of  Procedure. 


The  pear-shaped  figure  is  a  deformation  ol  the  critical  Jacobian  ellipsoid,  and  to 
the  first  order  of  small  cpiantities  it  is  expressed  hy  the  third  zonal  harmonic  vfitli 
respect  to  the  longest  axis  of  the  ellipsoid.  In  the  higher  approximation  a  niunher 
of  other  harmonic  terms  will  arise,  and  the  coeflicients  of  these  new  terms  will  be  ot 
the  second  order  of  small  cpiantities.  The  mass  of  an  harmonic  inecpiality  vanishes 
only  to  the  first  order,  and  it  can  no  longer  be  assumed  that  the  centre  of  inertia  of 
the  pear  coincides  with  the  centre  of  the  ellipsoid. 

In  order  to  define  tlie  pear,  I  descrilie  an  ellipsoid  similar  to  and  concentric  with 
the  original  critical  Jacobian ;  this  new  ellipsoid  is  taken  to  be  sufficiently  large  to 
enclose  the  whole  of  the  pear.  It  is  clearly  itself  a  critical  Jacobian,  and  I  adopt  it 
as  the  ellipsoid  of  reference,  and  call  it  J.  I  call  the  region  between  J  and  the 
pear  R.  The  pear  may  then  be  defined  hy  density  +  p  throughout  .7,  and  density  —  p 
throughout  R. 

O 

If  k  is  the  parameter  which  defines  J,  its  axes  are  expressed  in  the  notation  of 


“  Harmonics  ”  liy  Zvy,  h  [vq  —  l)%  h  I  vq  — 


1  -f /3 
1  - 


\h 


or  in  the  notation  of  the  “  Pear- 


shaped  Figure  ”  by  /c/sin  7  cos  ;8/sin  /3,  k  cos  y/sin  ^8,  where  sin  ^  =  k  sin  y. 

Now  let  Sd  denote  any  surface  harmonic,  so  that  aSV'  is  the  same  thing  as 
[^A'’  (p)  01’  Pj  (p)]  X  [(•Ti'  {(fi)  or  Cj  (<^)].  The  third  zonal  harmonic  deformation  aaoII 
then  be  eS^  or  CP3  (p)  C3  {4>),  where  e  is  of  the  first  order  of  small  cpiantities.  On 
account  of  the  symmetry  of  the  figure,  the  new  terms  cannot  involve  the  sine 
functions  ^  or  S,  and  moreover,  the  rank  s  must  necessarily  be  even. 

Suppose  that  the  new  terms  are  expressed  by  'S/fSf  for  all  values  of  ^  from  1  to 
infinity,  and  with  s  ecpial  to  0,  2,  4  .  .  .  /  or  ^  —  1.  Then  all  the  7’s  are  of  order  e", 
excepting  which  is  zero. 

We  have  seen  in  “  Harmonics,”  §  11,  that  ifpo  denotes  the  perpendicular  from  the 
centre  of  the  ellipsoid  Vq  on  to  the  tangent  plane  at  p,  (f),  the  equation  to  a  harmonic 
deformation  of  the  ellipsoid  is 


L  =  2.,S' 


Since  this  equation  may  he  written  in  the  form 


77- 


VfC  — 


+ 


LA  (vd  -  1)  ^  Idv, 

1  -  ^ 


+  70  o  —  1  + 
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it  is  clear  that  if  2e5^/  is  a  constant,  say  c,  the  surface  defined  is  an  ellipsoid  similar 
to  the  surface  of  reference,  with  semi-axes  augmented  in  the  proportion  of  (1  cf  to 
unity. 

T  now  replace  the  variable  v  by  a  new  one,  namely. 


"  =  -  h  -  A) 


(i). 


The  negative  sign  is  taken  Ijecause  the  points  to  be  specified  will  lie  inside  J. 

Then  r  =  c,  a  constant,  defines  an  inteilor  ellq^soid  similar  to  and  concentric  witli  ./. 
The  ecjuation  to  the  j^ear  may  now  be  written 


00 


1 


Th  only  condition  wliich  lias  been  imposed  on  c  is  that  it  shall  he  great  enough  to 
make  r  always  positive. 

In  order  to  solve  our  problem  it  is  necessary  to  determine  the  energy  lost  in  the 
process  of  concentration  from  a  condition  of  infinite  dispersion  into  the  final  con¬ 
figuration.  This  involves  the  use  of  the  formula  for  the  gravity  of  J,  inclusive  of 
rotation.  It  is  well  known  that  this  forimda  is  simple  for  the  inside  of  J  and  more 
coinjilicated  for  the  outside.  Since  the  whole  region  B  lies  inside  J  there  is  no 
necessity  in  the  present  case  to  use  the  more  complicated  formula. 

The  final  expression  for  the  lost  energy  cannot  involve  the  size  of  J,  the  exterior 
ellipsoid  of  reference,  and  therefore  the  arbitrary  constant  c  must  ultimately  disappear. 
It  is  therefore  legitimate  to  make  c  zero  from  the  beginning. 

It  is  clear  that  we  might  with  ecpial  justice  have  discussed  the  problem  by  means 
of  an  ellipsoid  which  shmdd  lie  entirely  inside  the  pear,  the  region  between  the  pear 
and  the  ellipsoid  would  then  have  l^een  filled  with  positive  density,  and  the  formula 
for  external  gravity  would  have  been  needed.  The  same  argument  as  before  would 
then  have  justified  our  putting  the  constant  c  equal  to  zero. 

We  thus  arrive  at  the  same  conclusion  as  does  M.  Poincare,  namely,  that  it  is 
immaterial  whether  the  formula  for  external  or  internal  gravity  be  used. 

I  now  revert  to  my  first  hypothesis  of  the  enveloping  ellipsoid,  but  put  c  equal 
to  zero  from  the  first.  In  order,  however,  to  aftbrd  clearness  to  our  conceptions,  I 
shall  continue  to  discuss  the  problem  as  though  c  were  not  zero  and  as  though  J 
enclosed  the  whole  pear.  With  this  explanation,  we  may  write  the  equation  to  the 
jiear  in  the  form 

00 

T  =  —  cS^  —  . (2). 


§  2.  The  Lost  Energy  of  the  System. 

If  the  negative  density  in  B  is  transported  along  tubes  formed  by  a  famil}^  ot 
orthogonal  curves  and  deposited  as  surface  density  on  J,  we  may  refer  to  such  a 
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condensation  as  —  C.  I  do  not  suppose  the  condensation  actually  efiected,  but 
imagine  the  surface  of  J  to  be  coated  Avith  etpial  and  opposite  condensations  +  G 
and  —  C. 

The  system  of  masses  forming  the  pear  may  then  be  considered  as  being  as 
follows ; — 

Density  +  p  throughout  J,  say  +  J. 

Negath'e  condensation  on  J,  say  —  C. 

Positive  condensation  -f  C  on  J  and  negative  volume  density  —  p  throughout  i?. 
This  last  forms  a  double  system  of  zero  mass,  say  D,  and  D  =  C  —  E. 

Let  Vj,  Vr  be  the  potentials  of  +  J  and  +  R,  and  Vj_,.  the  potential  of  the  j^ear. 

An  element  of  volume  being  Avritten  dv,  let  [  dv,  [  dv,  [  dv  denote  integrations 

throughout  •/,  R  and  the  pear  respectiAmly. 

Let  d  be  the  distance  along  the  s  axis  from  the  centre  of  the  ellipsoid  as  origin  to 
the  centre  of  inertia  of  the  pear;  let  w  be  the  angular  velocity  of  the  critical 
Jacobian  about  the  axis  x,  so  that  or/'lrrp  =  '14200  ;  and  let  ex'  +  Sw'  be  the  square 
of  the  augular  A’elocity  of  the  pear.  Lastly,  let  J/  be  the  mass  of  the  pear. 

Then  the  lost  energy  E  is  gi\^eu  by 

E  —  Vj_fpdv  +  [ur  +  hex)-')  j  [y-'  +  (z  —  d)^] pdv. 


Noav 


j  zpdv  =  J/d,  so  that  (—  ‘2zd.  -j-  d~)  pdv  —  —  J/db 

]j-r  )j-> 


Again,  since 


Ave  have 


Also 


f,  =  f.  -  f  .  f.  ^rpdv  =  f  Vjpdv, 

J  j—r  J  j  J  /•  y}  Jr 

^  [  Vj_,pdv  =  i  I  —  [  V;pdv  +  i  f  V^pdv. 

J  j^r  J  j  J  ?•  Jr 


i  {w“  H-  [  \jj~  +  (a  —  d)~]  pdv  =  j  (y*  +  pdv  —  [  (y®  +  z-^)  pdv 

+  bSw"  j"  (y"  -|-  z")  pdv  —  h  {(t)'  +  hat")  ME. 

J  j-r 


Hence 


=  2  I  [  {y^  +  ^~)]  —  [  [  ^5  +  +  2^)]  P^^  +  i  f  Vrpdv 

•j  Jr 

+  [  (y^  +  z^)  pdv  —  ^  +  8fo»”)  Jddb 

As  the  several  terms  Avill  be  considered  separately,  it  Avill  be  convenient  t(j  have  an 


■2o(j 
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abridged  notation  to  specify  them.  I  may  denote  the  lost  energy  of  J,  inclusive  of 
rotation,  by  \  JJ\  the  mutual  lost  energy  of  J  and  of  the  region  it,  considered  as 
filled  with  j^ositive  density,  by  JR ;  the  lost  energy  of  the  region  R  by  \RR. 

The  moment  of  inertia  of  the  pear  is  A,  and  it  is  equal  to  Aj  —  A^,  the  moment  of 
inertia  of  J  less  that  of  R. 

Then 

R  =  IJJ  -JR  A-  ^RR  +  i  (Aj  -  A,)  -  1  (0)3  +  So)2)  MJ, 

where 

JR  =  [  [F;  +  |o)3(y2  _|_  'Ay\pdv, 

J  r 

A  =  f  (r  +  pdv,  A,  =  [  (  f  +  z^)  pdv, 

•J  •'  >■ 

and 

ARR  =  f  V,pdv. 

J  r 

If  ^DD  denotes  the  lost  energy  of  the  double  system  described  above,  v'e  clearly 
have 

ARR  =  ^{C  -  R){C  -  R)  +  CR  -  ^CC  =  ^DD  +  CR  -  ^CC. 

We  require  to  evaluate  E  to  the  fourth  order;  now  d  is  at  least  of  the  second 
order  and  dd  of  the  fourth  order ;  hence  d^ .  hod  is  at  least  of  the  fifth  order  and 
negligible. 

Hence,  finally,  to  the  required  degree  of  approximation 

E  =  ^JJ  -  JR  A- CR-  \CC  +  IDD  +  ^  {A,  -  A,)  -  AMdW .  .  (3). 

It  will  appear  beloAv  that  d  is  not  even  of  the  second  order,  so  that  the  last  term 
will,  in  fact,  entirely  disappear,  although  we  cannot  see  at  tlie  present  stage  that  this 
will  be  so. 


§  3.  Expression  for  the  Element  of  Volume. 

The  parameter  /3  of  “  Harmonics  ”  is  connected  av 
by  the  equations 

1  —  _  2  p _ 1  —  k'^  2(3  _  k'"  2(3  _ 

1  +(3  “  1  +  “  iTf  ’  1-  J  ~  1^/3  “ 

There  will,  I  think,  be  no  confusion  if  I  also  use  /3  in  a  second  sense,  definiug  it  by 
the  equations 


ith  K  of  the  “  Pear-shaped  Figure 


sin  yd  =  K  sin  y, 


0  r\  I  v)  •  0 

cos-  (3  =  I  —  K'  sm~  y. 
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It  has  already  been  remarked  above  that  the  squares  of  the  semi-axes  of  J  are 


_ 

sin-  /3  ’ 


cos^  /3 
siir^/3 


I  jf  /3\  _  /d  cos2  7 
1-/3/  sin-  (3 


The  mass  of  J  is  then  ^-rrpk 


4  7  3  COS  /3  cos  7 


sild  /3  ■ 


I  now  take  the  mass  M  of  the  pear  to  be 

M  =  ^TTphZ 


cos  j3  cos  7 
siiU  ^  ' 


Thus  Jcq  is  a  constant  which  specifies  the  volume  of  lic[uid  in  the  pear,  and  the  mass 
of  Jisif  (yiyylo)-t 

It  will  be  convenient  to  introduce  certain  new  symbols,  namely, 

=  1  —  /c"  sin^  9,  F^'  =  1  —  k'^  cos^ 

=  1  —  K®  sin^  y  sin~  0,  F^^  =  cos~  y  -{-  k!^  sin^  y  cos" 

where  sin  0  is  the  /x  of  “  Harmonics.” 

The  roots  of  the  fundamental  cubic  were  v~\  u",  and  - — and  in  the  new 

1  —  p 

.  ,  t,  .  ,  «  1  —  k'"  cos-  cb  F- 

notation  they  are  w,  sm^  9,  - ;; -  or 

/C-  K~ 

Since  vZ  =  V-”,  we  now  have 


shd  /3’ 


3  _  2  ^  3  _  1  -  13  cos  2cf>  _  Jl 

^  sin^  /3  ’  1  —  yS  sin^  ^ ' 


The  expression  for  2^0,  the  perpendicular  from  the  centre  on  to  the  tangent  plane 
at  9,  (f),  is  given  in  (49)  of  “  Harmonics,”  namely. 


0/0  1\/  O  l“f-/3 


ly 

/,;2 


0/0  1  \  /  O 

2Ar(v  -  1)  I V  - 


/  O  0\  /  0 


^  1-/9/  cos-  yS  COS-  7  1 

1  -  y3  cos  ^  “  Rin3  y3  Ay  ry  * 
1-/3 


.  (4). 


Also  l)y  (50)  of  “  Harmonics”  the  element  of  surface  dcr  of  the  ellipsoid  is  given  by 

1  —  /3  cos  2(f) 

^  7-%,  G,  3  _  1  M  4-  - 

(W  dcj) 


1-/3 


-  /X- 


P0Z3L  7.3  /  3  1  \"  f  3  ^^4"  _ 

yj  \  )-  l-fs)  /I  -  /3  cos  2,f)\i  (I  +  B  _  , 


1  -  yS  ;  \  1  -  /3 


7*' 


Passing  to  the  new  notation  this  may  be  written 

da  m  /  k  Y 1  -  sild  0  -  k'-^  cos2  (j)  m  /  k  Y  Ayry-  / 1  i  ' 

d.e  dcf)  ~  Ttt/j  V  ^-0  /  AF  “  iirp  \  /VQ  /  ■  AF  siid  7  \Fy  Ay  I  ’ 
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The  new  independent  variable  r  is  to  replace  v ;  it  was  defined  in  (l)  by 


Z- 

=  9„  2  ( V  - 

and  in  accordance  with  (2)  the  equation  to  the  surface  of  the  pear  is 

T  =  ~  eS.^-  tffSf. 

1  /  2t  cos-  B  cos-  7^ 

0  ~  iJ  '  “  siiF^  V  ” 

For  l)revity  I  now  write 


'  I'oin 


(^) 


2  2  -Pi)"  I  1 

7/  =  Vq-  —  -  —  T  =  (  1  — 


A  sri  2 
_ii  1  j 


2t  cos-  /3  cos-  7  , ,  , 

’■]  = - Tvpv - =  that 

0  f  /  T  \  2  1  COS"  /3  ^  j,  ^  1  ^  COS"  7  /- 1  0  \ 

—  I  =  (1  —  D  jS),  V'  —  .  ■=  (1  —  7j  sec-  y), 

sni- ^  ^  sin- /3  '  ^  1  — /3  sin-/3^  '' 


2_  V  A  D 

I  =  — 1  —  — 


^  siid/SV^  AjV’ 


0  1  ““  /d  cos  2<f)  F-i"  /  T[  \ 


V'  — 


1  -  /S  sin3  /3 


1  - 


IV,) 


1  —  /3  cos  2cj) 

1-/3 


p-  = 


1  -  slid-  d  -  cos^  (fy  _  Aj^Fj^  n  1 
/c”-  "■  siiF-  j3  \1Y  ~  Ap 


Therefore 


(z^-  -  p-)  7^-  - 


1  —  /3  cos  2<f) 

1  j  _  Ai^d- 


1-^ 


1- 


AiV  \ IV 


sin  /3  cos  /3  cos  7(1—  (1  —  tj  sec-  sec-  7)^ 


If  we  write 


G  =  \  {l  +  sec^  yS  +  see”  y) 

7/  =  (1  +  sec^  yQ  +  sec'*^  y)  +  4^  /5  +  sec"  y  +  see"  ^  sec"  y), 

this  expression,  wlien  expanded  as  far  as  rp,  becomes 


A1W7- 


sin  /3  cos  yS  cos  7 


The  arcs  of  the  three  orthogonal  curves  were  denoted  dn,  dm,  df  in  “  Harmonics,” 
where  dn  was  the  outward  normal.  Since  in  the  ju’esent  case  we  are  measuring  r 
inwards,  the  element  of  volume  dv  must  be  taken  as  —  dn  dm  df. 

The  equations  (50)  of  “Harmonics”  give 
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dv 


—  COS0  vdvdOdcf) 


=  P- 


(v-  —  fjr)[v- - 

\  -L 


1  —  /3  cos  2(j)\  jl  —  /3  cos  2(1) 


/3 


1-/3 


d' 


/_ ,  1  +  /S  A ^ ^  /I  +  /5  ..oV  /I  -  /3  cos  2(f)d  • 


1  -  /3  ^“/  V 


1  ^ 


But 


dv 

dr  d6  d(f) 


,  cos-  /3  cos-  j  dr  T  ,  1  p 

dv  = - —  ^ o ,  aud  tliereiore 


siiF/3  ■ 


cos  l3  cos  7  Aj-Fj-  /  1 


siir’  /3  sill-  7  AF  \Fj'  Aj- 


/  1  .  1 


1  —  T’l  (  .-o  +  ^ 


—  7*1 


/  1 


Ou  comparing  this  with  the  expression  for  Poda.  we  see  that 


dv 

dT 


Pq  da  1  Ti  (^^^3  +  j,^-3  6j  rp  +  (t  (^^^3  + 


II 


(5). 


Another  form,  which  will  be  more  generally  useful,  is  found  by  substituting  for 
its  value  ;  it  is 


dv 


dT  d.6  d(f)  47rp  \/i 

,  cos-^  /3  cos^  7 

4r" - r-^ - 

sill-  7 


sin-  7 
1 


—  2r 


:,)  +  G 


III  order  to  express  this  more  succinctly  let 


5-  (3  cos-  7 

■  1 

1 

.(?( 

siiF  7 

1^1^  “ 

A,^" 

1 

1  \ 

-//( 

/'  1 

Ff*A,^  lVA,«y 

vW‘A 

1 


1 1  , 

J  AF 


<1,  =  « 


TT  AF  sill-  7 


G  cos-  /S  cos^  7  r  I 


'F  =  - 

TT  Sill-  7 

^  _  6  cos'*'  /S  cos*  7 

TT  sill'  7 


JI  Ai*  Ay)_ 


1  : 


]_ 

AF  ’ 

1 


1 


1  _  1  1  ,  p. 

FfAp  Fi*AiV  VF^fiAp  IVAf* 


-  II 


_7  _  1 

iVAp  Fi^A^i 


_1 

AF  ■ 


(<^) 


We  note  that 


Then 


de  d4  «  \hj  ^  ’ 

>'  (17  +  V  -  d)  •  j 


=  ■  ■  ■ 
2  L  2 


(G). 


(G). 
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The  surface  r  =  constant  is  an  ellipsoid  similar  to  J  with  squares  of  semi-axes 
reduced  in  the  proportion  1  —  2t  to  unity.  Therefore  the  volume  enclosed  between 
the  two  ellipsoids  is 


I/. 


[3. 


rr"  — 


But  taking  the  limits  of  6  and  (f)  as  to  0,  so  that  we  integrate  through  one 
octant  and  multiply  the  result  by  8,  we  have  another  exjjression  for  the  same  thing, 
namely, 

jdu  =  ^  j  j  [cPr  |nr3]  cW  c^. 


Therefore  equating  coefficients  of  powers  of  r  in  the  twm  expressions. 


in 


in 


The  first  of  these  will  be  of  use  hereafter,  and  all  three  afford  forniula3  of  verification 
the  numerical  work. 


§  D  ctermlnation  of  h  ;  Definition  of  Symbols  for  Integrals. 

Tlie  pear  being  defined  by  r  =  —  e>S’g  —  '^.ffSf,  with  all  the  fin  of  order 

1 

excejiting  fi  which  is  zero,  we  have  at  the  surface  of  the  pear  to  the  fourth  order 

+  2Sfif^S,Sy  +  {tffSfY, 

r^=-e^  {S,y  -  {S,YSf, 


r-i  _  ^4 


In  all  the  integrations  which  follow,  and  especially  in  the  present  instance  in  the 
determination  of  the  volume  of  the  region  H,  it  is  important  to  note  that  (h,  H  are 
even  functions  of  the  angular  co-ordinates,  and  that  therefore  the  integral  of  any  odd 
function  of  those  co-ordinates  multiplied  by  any  of  these  functions  will  vanish. 
When  the  odd  functions  are  omitted  we  may  integrate  throughout  the  octant  defined 
by  the  limits  Ttt  to  0  for  0  and  (^,  and  multiply  the  result  by  8. 

Then,  only  retaining  terms  as  far  as  e®,  we  may  in  finding  the  volume  R  take 

T  =  —  ^f\Sg,  i  only  even, 

t"  =  e-  {S.y‘'-  -h  '2SefyS.^Sf,  i  only  odd. 


t"  =  0. 

To  the  cubes  of  small  quantities  we  have,  therefore. 
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L*  =  7  (1)*  ff  U  +  22e!/;>,s;,^.-/)]  ae  d,i>. 

The  hrst  term  vanishes  because  /S'/  is  a  surface  harmonic  and  fE>  cW  d(j)  is  proportional 
to 

Thus  we  are  left  with 

f/"  =  ~  7(4Tff  +  itt‘fis,snded<l>- 

I  now  introduce  symbols  for  certain  integrals,  and  in  order  to  bring  all  the 
definitions  together  I  also  define  several  others  which  will  only  occur  later. 

Let 


7'  =  [)''t>(s/rrf»# 

0,,'  = 

,  _  cos=  /3  cos»  1-  II  (S,YSf  de  d.j> 


sill  /S 


(8). 


All  these  inteuTals  vanish  unless  i  is  even.  For  immediate  use  1  also  introduce 


=  II  T'TS'g/S'/  cW  d(f). 


The  xfi  integrals  vanish  unless  i  is  odd,  but  it  will  appear  later  tliat  they  are  not 
actually  required. 

I  further  write 


cr^  =  1 1  q/'  (SqY  dd  d(f),  =  1 fl 

6  cus'^  /3  cos*  7  sill  /S 


0-4  = 


siir  7 


^  ^  -  3G  ^ 


 ^ 


1 


(»). 


VA/r/  AiMV; 

With  tliis  notation  we  have  at  once  to  cubes  of  small  quantities, 

1^  p  dv  =  —  M  (Jj-^  [cV^  +  22:e/-"i///] . (9). 

But  before  using  this  1  will  obtain  another  integral  to  the  fourth  order.  It  is 
I  rp  dv  =  M  (TT  f  f  +  2Sey,>S,S,-  +  (2/‘S,‘F] 

.  r  \  /  J  J 

+  {S,f  +  3Sey/  {S^S^  -  cie^  {S,f}  dO  dcp. 

Emitting  terms  which  vanish,  amongst  which  are  integrals  of  the  type  we 

have 
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\^Tpdv  =  ^M[~J  +  +  .  .  (10). 

Retuming  now  to  the  deteimination  of  the  mass  of  +  R,  and  observing  that  the 
mass  of  the  pear  is  equal  to  that  oft/  —  R,  we  have 


h  \3 


Therefore 


ilf  =  M  (  :  [I  +  eVo  + 


I~R  =  \  +  e-T,  +  +  c*8. 


A  term  e‘^§  of  the  fourth  order  has  been  introduced,  but  it  will  appear  that  it  is 
unnecessary  to  evaluate  it. 

There  will  be  frequent  occasion  to  express  in  terms  of  /q®.  Now 


''  k  V 


=  1  -  f  -  I (^e)']- 


But  this  will  only  Ije  needed  explicitly  as  far  as  e^,  and  to  that  order 


/  k 
h 


5  9, 


(11). 


'  J‘  '  2  /  /■  ^ 

It  is,  however,  necessary  to  determine  f  (  )  —  f  to  the  fourth  order. 


.  ^••0  / 


Now 


-  '  f )'  =  i  1  -  I  [eV.  +  iteMt  +  c-->8  -  |c‘  (o-,)']}. 


k 


=  i  (1  -  I  [c'V,  +  22cy:-./,/  +  c‘S  -  |a(o-;)'-]!- 


Hence  to  the  fourth  order 


(II). 


It  will  be  observed  that  the  i/>  integrals  and  S  have  both  disa])peaied. 


5.  The  Energies  hJJ  and  JR. 

It  «!,  /q,  C]  are  the  semi-axes  of  a  Jacobian  ellipsoid  of  mass  J/j  and  angular 
velocity  w,  its  lost  energy,  inclusive  of  rotation,  is 


3 -AT  ~ 

where  T'  is  the  usual  auxiliary  function. 


w  4.  ; 

3.1/.  " 
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The  equations  to  be  satisfied  by  the  ellipsoid  afibrd  expressions  for  and 

in  terms  of  difierentials  of  T.  If  these  expressions  are  added  together,  may  be 
eliminated,  and  the  expression  becomes 


-9.  ira 
2 


■E  +  Cty 


d'^ 

da 


iJ 


In  reverting  to  the  notation  ado|)ted  here,  I  remark  that  p/,  will  be  used  to 
denote  those  functions  when  the  variable  is  Vq,  and  the  variable  will  only  be  inserted 
explicitly  when  it  has  any  other  value. 

In  the  present  case  My,  the  mass  of  the  Jacobian  ellipsoid,  is  M  and  it  was 

shown  in  “  the  Pear-shaped  Figure  ”  that 


Hence 


It  was  shown  in  the  same  paper  that  the  internal  potential  of  the  Jacobian 
inclusive  of  rotation,  is 


f  Jfj  4  T'  +  «! 


d^  /sJ 


?r 


dc/y  \ay~  dy 


3  i  7,  2  1  _  2 


Therefore  in  the  present  case 


^7  +  {l/  +  Z^)  = 


M  (  h 
^'0  \ 


—  7.2  siir  78  (.1-  sec-  y  +  sec"  ^  k 


But  the  equation  to  an  inequality  on  the  ellipsoid  defined  by  t  is  in  our  new  notation 

sin'^  {x^  sec"  y  +  y '  sec^  f3  z^)  =  P  (1  —  2t)  ; 

M  I  h  \2 


therefore 


I,/  +  {if  +  —  f 


h  \  ].  I  i 
''  0  \  '■  n  / 


(59„©o-  Pi’Qi')+2tPi'Q,‘5. 


Let  us  divide  this  potential  into  two  parts,  say  U',  U",  of  which  the  first  is 
constant  and  the  second  a  constant  multiplied  by  r.  Also  let  (k/i)',  {JB)"  l^e  the 
two  corresponding  portions  of  the  energy  JR. 

In  order  to  find  {JR)'  we  have  simply  to  multiply  U'  by  the  mass  of  R  considered 
as  consisting  of  positive  density.  The  volume  of  R  is  the  excess  of  the  volume  of  J 


above  that  of  the  pear ;  hence  the  mass  of  R  is  M 


kV 


L'A), 


(JB)'  = 


IP 


0  LV'^'O, 


kj 
L 


kV' 


(^0^0  - 


Therefore 
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Subtracting  this  from  ^JJ  as  given  in  (12), 


il/2 


0/  J 


But  the  latter  factor  was  found  in  (11)  as  equal  to  —  ^e^(cro)h  The  term 


only  contributes  a  constant  to  the  whole  energy  and  may  therefore  he  dropped. 
Accordingly 


.1/2 


\jj  -  (JR)'  =  f  -  p,'Q,>)  y'(a.y-} 


(13). 


For  the  other  portion  {JJj)  '  we  have 


/If  n-\z 


Then  by  means  of  (10) 

(JR)"  =  \  U"p,h  =  3  ^(1)“'  P,>Q,> \jp ,h 


=  I  P.'Q.'  {e-h  +  S(/')Y'  +  -  2e%} 


(14). 


In  the  terms  of  the  fourth  order  we  may  put  (/f/^’q)®  equal  to  unity.  Therefore 
combining  (13)  and  (14) 

i./j--  .77? = -  f  {.««[-  (\mo  -  +6P,'Q.'u 

/.  Q  \ /.  /  /un 


(/Wd)  (15). 


§  6.  Swface  Density  of  Concentration  C ;  Energy  (77?. 


The  region  7?  being  filled  with  positive  volume  density  p,  is  concentrated  along 
orthogonal  tubes  on  to  J,  and  there  gives  surface  density  S. 

To  the  first  order,  1)y  (5), 


(Iv 

(It 


—  pfa- 


Ci7s2  P  cOs2  7 


Adr7 


1 


Integrating  with  respect  to  r  from  the  pear  to  we  have  as  far  as  scpiares  of 
small  quantities 


8  =  - 


Pop 


eS,  +  +  jf  -  e)  (.%)= 
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It  is  now  necessary  to  express  S/po  in  surface  harmonics.  The  first  two  terms  are 
already  in  the  required  form ;  for  the  remainder  let 


cos-Z^cos^y/ 1  1 

^  2p  2  2  "1~  p  3  )  v^3/  • 


Multiplying  both  sides  by  dd  d(f)  and  integrating,  we  have 

>,,■0/  =  eos‘=/3cos=y  +  jt,  -  (?)(,$',)=  A/, 

Therefore  rji'  =  and  vanishes  unless  i  is  even. 

AVhen  f  =  0,  rjQ  =  ^;  and  since  by  (7)  "o  =  ||  {S^Ydd d(j)  =  o-j, 


Ave  have  tjq  =  ^o-g 
Hence  we  have 


S  =  -  Pop 


+y:-i^ 


This  is  expressed  in  surface  harmonics,  the  middle  term  l)eing  of  order  zero. 

By  (5l)  of  “  Harmonics”  the  internal  potential  of  8  is 

'i,  (0  ©3  (-o)  'S's  +  icV.f  +  2^1“  +/‘)  P.'  H  &■  M '% 

We  have  W(.)  =  ^  ^ .  1  *  gut  I^efore 

'  ^  ^  2v^^  cIvq  ^  sin/3  ^T-Tt  “L, 

proceeding  to  use  tliis  I  Avill  introduce  a  new  abridgment,  and  let 


B7  Of 


dVn 


(16). 


Then 
V,  =  -  3 


M  /  k  y 

Icq  \  Icq  } 


W  (-)  a/  (^o)  =  ^t-r  ^ ,  and 


+  3 


/  k  Y  cos-  /3  cos”  7 


7oV/. 


'^0  / 


sin  /3  1  d-  -  Y  4>f  ^  A,T\2  j 


In  order  to  find  the  energy  CR  we  multiply  by  the  element  of  mass 


p  dv  \  M  —  2t''F]  dr  d9  d(f), 

\  ^0  ! 


and  integrate  throughout  h 
VOL,  CC. — A. 


2  M 
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Now 


Vcp  civ 
(It  rW  (14> 


A  ¥1  ( ±V  J  +  2  ( |;  +  /' )  a  ><i.,sv 


n  8 


^‘”0  V  ^*’0  / 

jip 

^'0  \  ^’0  / 


T  j  +  ieV.ao'P  +  2 


(Oi 


4>i 


.  3^Y— Y  r 


>S? 


4-%  (e^  —  4-  f-"\  13  ' 

2-p  2  W  -  -r ./,  y 


Let  us  integrate  these  three  lines  separately. 


First  integral 


8  ~ (£f  eg3<l>.s;,  +  -JeV^gol^  +  S  [e^  +/•)  a,-*,S'.-  [  Ic.%  +  XfiS:]  cW # 


=  3 


5  +  {M 


Second  integral 


+  V^crMo^  +  V  (e3  ^  +  f; ) 


{^{SY^  +  2ScftS,SndecIct> 


=  s'fYfT 

'•  0  ^  '‘  0  /  L 


,4  Cxll  + 


+  2Se:/:%"/ 


Third  integral 


M“  f  h  y  cos”  13  COS"  7 


*  \  /  ®hi  /3 


<'13:,TAi;  +  2A-g+/‘')B 


'3 


Sf 


{c”"  {S.,f  +  2Sc//N3^/}  d<^ 


All  the  terms,  excepting  tlie  first  of  the  first  integral,  are  of  the  fourth  order,  and 
in  them  we  may  put  equal  to  unity. 

Therefore 


3P  Ik  4 

CH  =  3  ^  e^%4., 

^  (I  \  ''  0  / 


+  1 


3P 


id 


l^u(o-2)^  +  S(2aV  +  15fpf)^j 


+  Sey;'[4(a/  +  ^3)a.;  +  (i3f  +  2i33)pr]  +  2:^(/?)^^/c/>/  .  .  .  (ir) 
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7.  The  Energy  ^CC ;  Result  for  \JJ  —  JR  +  CR  —  ^CC. 


From  the  last  section  it  appears  that  the  potential  of  C  at  the  surface,  where 
T  =  0,  is 

u  =  -  3  (^3'  +  2  {e-  ^  +  f/j  a.'S’ 


For  the  mass  of  an  element  of  the  surface  density  we  have 


pfdor 


m 


\  j  *  j  5  I  a - ;;  1  —y-  ,, 

V^O/  I  \  yi 


\  ^*^3  +  3  +  S  3  +  /f )  r 


These  are  to  be  multiplied  together  and  half  the  product  is  to  be  integrated. 
Then  bearing  in  mind  that  |j  ^  dO  d(f)  =  3,  we  have 


iCC=d{  fj  +  S  (e^  ^7  +  /‘) 


Ill  the  terms  of  the  fourth  order  we  put  {k/kuY  equal  to  unity ;  thus 


ioc  =  if ( +  f f  {«*  i  3[„  +  sa.*^  +  + s (M'S.-h  [ . 


^’o 


/^■ol  L 


(coff 


l>!  J 


Combining  this  with  (17) 


CR  -\CC=i  f  ( Y)  e%.^3  +  i  f  P‘ 


^0  \^’o/ 


(^3)^  +  ^  +  13 /p/)  ^3 


+  te^f:\2{%!  +  2^3)01/  +  (15/  +  m,)p!]  +  t{fdY^i<i>n  .  (is) 


We  are  in  a  position  to  collect  together  all  the  results  obtained  up  to  this  point. 
Now  \  JJ  —  JR,  as  given  in  (15),  contains  Pi^Q/,  latter  of  these  is  what 

is  now  written  and  since  the  ellipsoid  is  critical  Pi^Q/  =  =  '^3- 

Collecting  terms  we  find  that  the  terms  of  the  second  order  disappear,  and  that 


yj  -  JR  +  CR  -  i(7C=  f 

/I'l 

+  te/c  [2a>;  +  (B/  +  233,) p-]  -  s  {f-f  (%  -  g.')  <;■/}  .  (19). 


%  (i  (o-.)®  +  2£*)  +  s  (g>‘  +  ».>■)  Pj 


The  reader  will  recognise  that  the  last  term  involves  the  coefficient  of  stability  for 
the  deformation  *S/.  It  is  important  to  note  that  if  Si  is  of  odd  order  there  is  no 
term  with  coefficient  efj 

2  M  2 
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8.  The  Terra  —  ^Md-or. 


In  the  Jacobian  elli2:)Soid 


oJjj  “ 


In  the  present  notation  this  is 


7,Sa,=  /I  +  cos=  /3\  ^  I  ^  2 


Hence 


iLI/  \  sin-  yS  /  /i 


-  =  -  1 


J/ 


3  sin-  yS 


_  _  '-'  /  g-  _  3  g  \ 

1  + 


I  now  make  the  following  definition 

,Si  :=  sin  ^  ( 1  —  K  ~  COS'  (f))\ 

z  =  kS,. 


so  that 
Then 


Md  =  zp  dv  =  \  zp  dv  —  zp  dv  =  —  \  zp  dv 

}j—r  Jj  Jr  Jr 

I  |[d)  -  S^dr  de  d(f) 

=  M  (~Jk  (I  [4.  {cS,  +  sy?s,‘)  +  (S,n  S,  cW  # 


/k  \3 


Tlierefore  to  the  required  order 
-  ^MdW  =  - 


31/2  gppy3 


. . 


(20). 


We  ago, in  note  that  this  term  in  the  energy  does  not  introduce  any  term  with  a 
coefiicient  e~fi.  Hence  thus  far  the  whole  energy  for  harmonic  deformations  of  odd 
order  is  of  the  form  Le"**  +  M  {fdY. 


§  9.  Double  Layers. 

It  remains  to  determine  the  value  of  ^DD  in  the  energy,  and  for  this  purpose  we 
must  consider  double  layers,  according  to  the  ingenious  method  devised  by 
M.  POINCAEE. 

Let  a  closed  surface  S  be  intersected  at  every  point  by  a  member  of  a  I'amily  of 
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curves,  and  let  a  be  tlie  angle  between  the  curve  and  the  outward  normal  at  any 
point.  At  every  point  of  S  measure  along  tlie  curve  an  infinitesimal  arc  t,  and  let  r 
be  a  function  of  the  two  co-ordinates  which  determine  position  on  S.  The  extremities 
of  these  arcs  define  a  second  surface  S\  and  every  element  of  area  dcr  (jf  S  has  its 
corresponding  element  da  on  S'.  Suppose  that  *S  is  coated  with  surface  density  8,  and 
that  S'  is  coated  with  surface  density  —  S',  where  8  da  —  8'  da'.  The  system  SS' 
may  then  be  called  a  double  layer,  and  its  total  mass  is  zero.  We  are  to  discuss  the 
potential  of  such  a  system. 

Let  and  U  (  — )  be  the  external  and  internal  potentials  of  density  8  on 

and  Uq  their  common  value  at  a  point  P  of  S.  At  P  take  a  system  of  rectangular 
axes,-n  being  along  the  outward  normal,  and  s  and  t  mutually  at  right  angles  in  the 
tangent  plane. 

In  the  neighbourhood  of  P 


r-r  /  .  \  TT-  .  dt/,  .  ,  dU  ,  ,  .  ,  dU  ,  ,  . 


ds 


dt 


TT  I  \  rr  .  d.U ,  ,  .  dU  ,  .  ,  dU ,  , 

t/(-)=  +  „_(_)  + s-(-)  +  i--(-).  .  . 


ds 


dt 


In  the  first  of  these  n  is  necessarily  positive,  in  the  second  negative. 
dU 

ds  ''  '  '  ds  ''  '  ds 


Now  ^^(  +  )  =  ( — )  =  ~  ;  and  the  like  holds  for  the  difterentials  with  respect 


to  t. 

Also  by  Poisson’s  ecpiation 


Let  PP'  be  one  of  the  family  of  curves  whereby  the  double  layer  is  defined,  and 
let  P'  lie  on  S',  so  that  PP'  is  r.  By  the  definition  of  a  the  normal  elevation  of  S' 
above  S  is  t  cos  a. 

Let  V,  v'  be  the  potentials  of  the  double  layer  at  P  and  at  P' . 

The  potential  of  >S"  at  P'  differs  Infinitely  little  in  magnitude,  but  is  of  the  opposite 
sign  from  that  of  S  at  P  ;  it  is  therefore  —  The  2)oint  P'  lies  on  the  positive 

side  of  S  at  a  point  whose  co-ordinates  may  be  taken  to  be 

n  =  T  cos  a,  s  =  T  sin  a,  t  —  0. 


Therefore  the  potential  of  S  at  P'  is 


TT  ,  dU .  ,  ,  . 

-f  T  cos  a  —  ( +  )  -t- 


T  sin  a 


dU 
ds  * 


dU 


v'  =  T  cos  a  (  +  )  +  T  sili  “ 

d)i  '  ' 


dU 

ds 


Therefore 
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Again  the  potential  of  S  at  P  is  Uq,  and  since  F  lies  on  the  negative  side  of  S'  and 
has  co-ordinates  relatively  to  the  n,  s,  t  axes  at  P'  given  by 

11  =  —  T  cos  a,  s  —  —  r  sin  a,  1  =  0; 


since  further  the  density  on  S'  is  negative,  we  have 


V 


clU ,  ,  ,  .  dU 

r  cos  «  ~  ( — )  +  "J"  “ 


dn 


ds 


Therefore 


V  —  V  =  r  cos  a 


dn  ^  ’  dn^^’ 


=  47rr8  cos  a. 


The  differential  with  respect  to  n  of  the  potential  of  S  falls  abruptly  by  TttS  as  we 
cross  S  normally  from  the  negative  to  the  positive  side ;  and  the  differential  of  the 
potential  of  S'  rises  abruptly  by  the  same  amount  as  we  jiass  on  across  S'.  It 
follows  tliat  dvjdn  on  the  inside  of  S  is  continuous  with  its  value  on  the  outside  of  S'. 

The  surface  S  to  which  this  theorem  is  to  he  applied  is  a  slightly  deformed 
ellipsoid,  and  the  curves  are  the  intersection  of  the  two  quadrics  confocal  with  the 
ellipsoid  which  is  deformed.  The  curves  start  normally  to  the  ellipsoid,  and  where 
they  meet  S  the  angle  a  will  be  proportional  to  the  deformation  whereby  S  is  derived 
from  the  ellipsoid.  It  follows  that  cos  a  will  only  differ  from  unity  by  a  term 
proportional  to  the  square  of  the  deformation,  and  as  it  is  only  necessary  to  retain 
terms  of  the  order  of  tlie  first  power  of  the  deformation,  we  may  treat  cos  a  as  unity. 

We  thus  liave  the  result 

V  —  v'  =  47rr§. 


Suppose  the  curve  PP'  produced  both  ways,  and  that  il/g,  are  two  points  on  it 
either  botli  on  the  same  side  or  on  opposite  sides  of  the  double  layer. 

Let  be  equal  to  let  ^  be  measured  in  the  same  direction  as  n,  and  let  ^  be 

a  small  quantity  whose  first  power  is  to  be  retained  in  the  residts. 

Let  I’o,  be  the  potential  of  the  double  layer  at  Mq  and  respectively. 

When  {  does  not  cut  the  layer  we  have 


and  when  it  does  cut  the  layer 


Vr 


—  Vj  =  477x8  —  ^ 


dv 
dll " 


In  the  apjDlication  which  I  shall  make  of  this  result  the  surface  S'  will  actually  be 
inside  S.  Then  Vq  will  denote  the  potential  at  any  point  not  lying  in  the  infinitely 
small  space  between  S  and  S',  and  is  the  potential  at  a  point  more  towards  the 
inside  of  the  ellijjsoid  by  a  distance  ^  ;  8  is  the  surface  density  on  the  external  surface 
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S  and  T  is  measured  inwards.  If  then  we  still  choose  to  measure  outwards,  as  I 
shall  do,  our  formula  l^ecomes 

cIv 

■y,,  —  ^  =  ItttS  or  0, 

according  as  ^  does  or  does  not  cut  the  double  layer. 

It  may  be  Avell  to  remark  that  v  being  proportional  to  rS,  'C  dvjdii  is  small  compared 
with  ItttS.  It  is  also  important  to  notice  that  the  term  ItttS  is  independent  of  the 
form  of  the  surface,  and  that  dvkln  will  be  the  same  to  the  first  order  of  small 
c[uantities  for  a  slightly  deformed  ellipsoid  as  for  the  ellipsoid  itself 
We  have  now  to  apply  these  results  to  our  problem. 

The  position  of  a  point  in  the  region  R  may  be  defined  by  the  distance  measured 
inwards  from  J  along  one  of  the  curves  orthogonal  to  J.  The  surface  of  the  pear  as 
defined  in  this  way  is  given  by  e,  a  function  of  6  and  <f).  Any  jjoint  on  a  curve  may 
then  be  defined  by  se,  where  s  is  a  proper  fraction.  If  s  is  the  same  at  every  point 
the  surface  s  is  a  deformed  ellipsoid  ;  s  =  1  gives  the  pear  and  s  =  0  the  ellipsoid  J. 

If  c/o-  is  an  element  of  area  of  J,  the  corresponding  element  on  the  surface  s  will  be 
(1  —  Xes')  da.  The  value  of  X  will  be  determined  hereafter,  and  it  is  only  necessary 
to  remark  that  it  is  positive  because  the  areas  must  decrease  as  we  travel  inwards. 

Let  s  and  s  +  ds  be  two  adjacent  surfaces  ;  then  the  mass  of  negative  density 
enclosed  between  them  in  the  tube  of  which  (1  —  \es)  da  and  (1  —  Xe  (,s  -f  ds))da 
are  the  ends  is  —  pe(I  —  'Kes)  da  ds.  If  this  element  of  mass  be  regarded  as 
surface  density  on  s,  that  surface  density  is  clearly  —  pe  ds.  If  the  same  element  of 
mass  were  carried  along  the  orthogonal  tube  and  deposited  as  surface  density  on  J, 
that  surface  density  would  be  —  pe  (1  —  Xes).  The  sum  for  all  values  of  s  of  all  such 
transportals  would  constitute  the  condensation  —  C  already  considered. 

The  double  system  D  consists  of  tlie  volume  density  —  p  in  R,  and  the  positive 
condensation  +  C  on  J,  the  total  mass  being  zero. 

Let  2,  a  proper  fraction,  define  a  surface  between  J  and  the  jDear.  Consider  one  of 
the  orthogonal  curves,  and  let  Lq  be  the  potential  of  D  at  the  point  P  where  the 
curve  leaves  J  and  V.  the  potential  at  the  point  Q  where  it  cuts  2.  Then  I  require 
to  find  Fq  —  Tb. 

Since  s  denotes  a  surface  intermediate  between  J  and  the  pear,  --  (  Vq  —  Vdj  ds  is 

the  excess  of  the  potential  at  P  above  that  at  Q  of  surface  density  —  pe  ds  on  s  and 
surface  density  +  pe  (1  —  Xes)  ds  on  J.  Such  a  system  is  a  double  layer,  but  there  is 

a  finite  distance  between  the  two  surfaces,  and  the  form  of  p  (  Vq  —  V^)  will  clearly 

iio 

be  difierent  according  as  2  is  greater  or  less  than  s. 

The  arc  e.s  may  be  equally  divided  by  a  large  number  of  surfaces,  and  we  may  take 
t  to  define  any  one  of  them.  Now  we  may  clothe  each  intermediate  surface  t  with 
equal  and  opposite  surface  densities  i  pe  [1  —  Xe  (s  —  ?)]  dt. 
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The  density  +  pe  [1  —  {s  —  0]  on  t,  together  with  —  pe  [1  —  Xe  (s  —  t  —  d^)]  dt 
on  t  +  dt,  constitute  an  infinitesimal  double  layer ;  and  since  the  positive  density  on 
each  t  surface  niay  be  coupled  with  the  negative  density  on  the  next  interior  surface, 
the  finite  double  layer  may  be  built  up  from  a  number  of  infinitesimal  double  layei’S. 
d~ 

Hence  dt  dt  is  the  excess  of  the  potential  at  F  above  that  at  Q  of  an 

infinitesimal  double  layer  of  thickness  edt,  nud  with  surface  density  pe  [I  —  Xe  [s  —  f)]  dt 
on  its  exterior  surface. 


di 


We  may  now  apj^ly  the  result  Vq  —  =  47rST  or  0,  according  as  {  does  or 

does  not  cut  the  double  layer,  and  it  is  clear  that 


Tp'  V  -FF 

'  dii_ 


47rpe"  [l  —  Xe  (.s  —  f)]  or  0, 


according  as  2  is  greater  or  less  than  f. 

In  the  next  j^lace,  wm  must  integrate  this  from  t  =  s  to  ^  =  0,  and  the  result  will 
have  two  forms. 

First,  suppose  z  >  s ;  then  for  all  the  values  of  d  ~  >  t,  and  the  first  alternative 
holds  good.  Therefore 


d 

ds 


V  —  V 
^  0  '  ~ 


47rpe'  [.s  —  ^Xei'*]  . 


Secondly,  sup})ose  s  <  ;  then  from  t  =  s  to  t  =  z,  z  t  and  the  second  alternative 

holds,  while  from  t  =  z  to  t  —  0,  z 'y>  t  and  tlie  first  holds.  Therefore 

We  have  now  to  integrate  an’ain  from  .9  =  1  to  5  =  0. 

o  o 

From  s  =  1  to  s  =  0  <  s  and  the  second  form  is  ap})licahle  ;  from  s  =  z  to  =  0, 

s  >  ,9  and  the  first  form  applies. 

Therefore 

d  V  f  ^  r- 

—  F.  —  62  =  Ivrpe^  j  [2  —  Xe  (s2  —  -^2:")]  ds  +  47rpe”  |  [s  —  o-Xe.s”]  ds 

=  47rpe~  ]2  (1  —  2)  —  Xe  [^2  (l  —  2")  —  ^z-  (l  —  2)]  +  ^2^  —  IXez^} 
=  217 pe~  [2z  —  2'  — -  Xe(2  —  2”  +  i‘2:®)}- 

Finally,  we  have  to  multiply  —  «  (  Fq  —  Id)  by  an  element  of  negative  mass  at  the 
jjolnt  defined  by  2  and  integrate  throughout  R.  The  physical  meaning  of  this 
integral  will  be  considered  subsequently. 

We  have  already  seen  tliat  such  an  element  of  mass  is  given  by 
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—  p  civ  =  —  (1  —  cla-  clz 


and  the  limits  of  integration  are  z  =  1  to  z  =  D. 
Therefore 


L\(r,-v-)pdv 

=  TTp^  (I  —  \ez)  [2z  —  2~  —  Xe  (2  —  2~  ^2''’)}  ch  da  [|e®2  (I  —  \e2)  dz  da. 


.  dV 

In  this  expression  we  neglect  terms  of  the  order  and  note  that  e’z^  is  ol 

that  order. 

Thus 


dV 


(Fo-  lT)pdy  =  77p2jje3[22-23-\e(2+22_|23)]tZ2do-+lpjJe22~  dzda  {z=l  to  0), 

=  IV  1  -  V  da I p\^e^  da  , 

the  integrals  being  taken  all  over  the  surface  of  the  ellipsoid. 

We  must  now  consider  the  meaning  of  the  integral  i  |  (Fq  —  pdv. 

Let  P  be  a  point  on  J  and  Q  a  point  in  R  on  the  same  orthogonal  curve. 

Let  —  JJ  be  the  potential  at  Q  of  the  density  —  p  throughout  R,  and  —  Uq  its 
value  at  P. 

Let  8  ]je  the  surface  density  of  the  positive  concentration  on  J,  IF  its  potential  at 
Q,  and  IFq  its  value  at  P. 

The  lost  energy  of  the  double  system  consisting  of  —  p  throughout  R,  and  8 
on  J  is 


ifFpc/c  +  i-j  lF,8(/(T-i|  F,8(/o--ij  IFp 


do. 


This  is  equal  to 


Consider  the  triple  integral  j  j  —  IFq)  pdv.  Here  dv  =  e  (I  —  Xes)  da  ds  ;  also 
u,-  TFq  is  not  a  function  of  s,  and  the  limits  of  s  are  1  to  zero.  Therefore 

■fi 


LJO 


e  (1  —  \es)  p  ds 


da. 


But  [  e  ( I  —  Xes)  p  ds  is  equal  to  8  the  surface  density  of  concentration.  Therefore 

{([£/„  -  Il/„]  S  </cr  =  f|f(  U,  -  TU)  p  dv. 


VOL.  CC. — A. 


2  N 
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We  may  now  revert  to  the  Gaussian  notation  with  single  integral  sign,  and  we 
see  that  the  lost  energy  of  the  system  is 


\{W,-U,)-{W-U)-\pdv. 


But  W  —  U  is  the  potential  of  the  double  system  at  Q,  and  is  therefore  Th ;  and 
Wq  —  C/q  is  the  potential  of  the  double  system  at  P,  and  is  therefore  Vq. 

Accordingly  the  lost  energy 


},DD  =  ^  {V,-V^)pdv 


=  |7rp3  |(e3  _  _p  y  1^3  ^dcr . (21) 


10.  Determination  of  e  and  X. 


fc-  is  the  arc  of  the  orthogonal  curve  from  J  to  the  pear. 

The  arc  of  outward  normal  is  connected  with  and  our  variable  r  by  the  equation 


vdv-^^^dr. 
P  V 


It  follows  that 


—  pQ  dr,  integrated  from  J  to  the  pear. 


By  (50)  of  “  Harmonics,”  with  the  notation  of  §  3  of  this  paper 

1  —  jd  cos  -pd 


k 


f  2  2h 


o\i  /  o 


1-d 


sin  d 


d* 


B  i>  (v~  —  !)'■  [  — 

\  1  -  d 

Therefore 


1  +  dy  cos  d  cos  7  (1  —  Tj)^  (1  —  Tj  sec-  d)"  (1  “  D  sec-  7)“ 


do 

P 


1  -  dJ 

Ad 


1  -  d 


IV 


(1  —  rd-  (1  —  sec-  d)"  (1  —  rj  see-  7)^ 


=  1 


Xji 


1 


1 


Ad  Fd 


=  1  —  r 


cos-  d  eos®  7/1 


0  +  7^ 


AdFd  VAd  ■  Fd 

Integrating  this  from  J  to  the  pear 


2G 


e  =  -  Vo 


eS.,  +  i  +  y  -  ggj  ■  (22)- 


We  have,  moreover,  by  the  formula  before  integration 
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dn  = 


■  cos^  ^  cos^  7/1  1 


dr. 


Also  to  the  order,  zero  —  n  —  pyX. 

Since  —  n  is  what  was  denoted  in  §  9  l)y  e.s,  the  element  of  volume  is 
■  (I  -h  dndcr,  and  this  is  equal  to 


or 


[1  - 

Vo  1  ~  "  I  + 


+ l_2r7 


AdUd  \Ad“  '  Fd 

■cos-  (3  cos-  7/1  1 

—  20- 


AdUd  VAx^  '  r, 

But  hy  (5)  the  element  of  volume  is 


da  dr, 
da  d.T. 


Vo 


■  r  cos^ /3  cos- 7  /  2  ^  ^ 

Adud  Ud  rd  "  ^ 


Equating  coefficients  of  x  in  the  two  exj^ressions  we  find 


cn,s-  V  cos-  7/1  I 
A  =  .  .■,n  -T  m.  + 


y^AdFd  \Ad  '  r, 


(23). 


§  11.  The  Energy  37r/>'^|  e®(]  —  \d)da. 
From  (22)  and  (23)  we  have 


To" 


cT  {S^  +  {S^  Si  +  le 


cos-  j3  cos^  7/1  1 


AdUd  \Ad  '  Uv 


.  +  26^  (S' )^' 


\  '  r( 


So  that 


e3(i_Xe)=  -Pq3 

Again  from  (6) 


eHS,r 


no)  n 


AdUd 


1 


\  A  21''  2  I  2  \  A  2  ~  T'' 


,Ad  ■  Uf 


3(7 


0  2  3  7  ■20  ens~  Vcm^'Y  cW  (-14)  M^/kT  .  ^  ^  la  1 1 

sV  j  g  =  -A- 7“(,, j  <=»« P r  sm  H  d0 <14. 


(V 


Therefore 

172  //.  \5 

■|7rpA^  (1  —  Xe)  c/cr  =  —  ^6  E  id)  ^  T  ^ 

o  \A/ 


Cl>(S3d 


L  *^1  1 


,3  7s 


AdFd 


COS'  V  cos^  7 


1.1' 
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When  this  is  integi'ated  we  may  put  equal  to  unity.  In  the  integral  the 

M~  siir  yS 

first  term  vanishes,  and  the  second  term  gives  —  i  - - r - In  the 

”  “  /.’o  cos  /3  CO.S  7  ‘ 

third  term  we  substitute  for  $  its  value  and  have 


3  cos^  /3  cos^  7  sin  ^  C  1 

-  n - TV - 


TT 


Sill"  7 


A  3-p  2  \  T"' 

.  _il  1  1  1 


A,=){Krr'*' Ari 


rv  )  —  SG 


(W  i?(f) 
AF 


.  which  is  equal'to 


^  i/"  ^  6  cos-^  cos®  7  sill  /3 


IT 


Sill"  7 


-  /  1 


1  \ 


.  J 1  if, “A,*  r,n,' 


-rl  1 

"  '  r.‘Ar 


1  \  ]  iWrlci> 

Fi^Ad/J  AF^ 


By  the  definition  (8)  this  is  equal  to  —  ^  —  e^cr, 


Hence  the  required  term  in  the  energy  is 

M 


A 

k 


0  L 


sin-  /3  ^ 

cos  /3  cos  7 


(24). 


§  12.  The  Energy  {p 


dV 

e~  ,  -  da. 
an 


It  is  first  necessary  to  determine  elVjdn. 

Siq:)pose  that  the  ellipsoid  J  is  coated  with  surface  density  S,  and  that  a  second 
surface  is  drawn  inside  -/  at  an  infinitesimal  distance  r,  and  coated  with  negative 
surface  density  —  S',  so  that  the  two  form  a  double  layer.  Then  tS  being  a  function 
of  the  trvo  angular  co-ordinates  on  the  ellipsoid  may  be  expanded  in  surface 
harmonics  ;  suppose  then  that 

TS=^ihtSE 

0 

Consider  the  two  functions 


Tb  =  S  (v  —  1)"  (  V  —  1  ^  {^)  foi’  external  sjmce, 


/3I  dv^ 


(^)  Si,  for  internal  space. 

UVq 


.  Since  these  functions  are  solid  harmonics,  the  matter  of  which  Ib  and  lb  are  the 
potentials  is  entirely  confined  to  the  surface  of  the  ellipsoid,  and  since  they  are  not 
continuous  with  one  another,  the  ellipsoid  must  be  a  double  layer. 


Now 


=  W(^) 


dv 


and  therefore 
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^  o)  - Ipi.  (j^o) 


1 


dVr, 


1  -f  /3\^ 
^  1  +  /3 


Hence  at  the  surface  of  the  ellipsoid 

Ve  —  Fj  =  S  ivh-^Si^  =  477x3. 

But  this  is  the  law  found  in  §  9  for  the  cliange  of  potential  in  crossing  a  double 
layer,  and  hence  Vg,  Vi  are  the  external  and  internal  potentials  of  the  double  layer 
t8. 

d  2^  d 

dn  k~  vdv  ’ 


Since 


dn  dn  7  ^  ’ 


dm 


I  +  ^\i  diBf  .. 

1 —  /D  )  '9'"  —j - y-  o,' 

1  —  pj  O-Vq  dvQ 


(25). 


Tliis  result  will  hold  good  to  the  first  order  of  small  cpiantities  if  the  surface  be  a 
slightly  deformed  ellipsoid,  such  as  was  the  surface  defined  by  t  in  §  9. 

In  the  elementary  double  layer  t  the  density  was  pe  [1  —  \e  {s  —  ^)]  dt,  and 
the  thickness  was  edt,  so  that  the  thickness  multiplied  by  the  density  was 
pe^  [l  —  \e  {s  —  tj]  dt  dt.  Since,  however,  we  only  need  this  to  the  first  order,  we 
may  take  it  as  pd'dtdt.  It  will  now  he  convenient  to  change  the  meaning  of  ///  to 
some  extent,  and  to  write 

e"  =  N  hfSf. 

0 

Thus  for  the  elementary  double  layer  we  have 

00 

T  S  =  p  di  dt  S  hi’ Si\ 

0 


d  V 

It  follows  that  in  applying  the  formula  (25)  to  determine  ^  for  the  doulfie 

illlj 


system  D,  we  may  say  that 

d~  d  V  ”  4:7rpip 


dsdt  dn 


Id 


(v  -  !)■  ( V  —  V’  -  .  -r~  S,: 


dvi)  dvf^ 


Since  the  right-hand  side  does  not  contain  g  we  have  only  to  consider  the  integral 

f  f  ds  dt  =  [  s  ds  =  h  . 

J  0  j  0  Jo 


Thus,  for  the  system  L), 


dV_ 

dn 


CO  ^ 
0 


TrPdP 

Fl'n 


(v  -  1)* 


i+_iv J 

1- is)  ‘  dv„  '  ‘ 


(26). 


f 
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This  result  may  also  be  obtained  as  follows  : — To  the  first  order  we  may  concentrate 
the  negative  density  in  the  region  R  on  a  surface  bisecting  that  region.  We  may 
then  consider  the  positive  concentration  C  on  J,  and  the  negative  concentration  on 
the  bisecting  surface  as  an  infinitesimal  double  layer  of  thickness  |e.  We  have  seen 
that  the  surface  density  +  (7  is  —  ppeS.^^  and  that  e  =  —  peS^  (in  both  cases  to  the 
first  order  only).  Thus  the  density  8  of  +  (7  is  pe,  and  the  thickness  r  of  our  layer 
is  -^e ;  the  product  therefore  t8  is 

CO 

Hence  tS  =  \pe^  =  bp  S  and  thus  we  arrive  at  the  same  result  as  before. 

0 

I  now  introduce  an  abridged  notation  analogous  to  that  used  previously,  and  write 


(Ivq  fb'o 


We  then  have  by  (26)  on  the  last  page 

V  ”  27r»,,p  cos  B  cos  7  ,  _  ^ 

hi  7  dn/3  . 

where  e"  =  N  /p'tS'f. 


dV 

ch 


By  (22)  to  the  first  order 


Assume  then 


o  _  -■)  .T  /Cl  x  -"*  _  o  /  o  COS"  B  COS"  7 

=  nv  ('%)-  =  e-t- 


COS- /3  COS"  7  (S.p~  ^  ” 
sin/3 


Multiplying  by  d>/S7  and  integrating,  we  have 


Hence 


^2  7.3  CO  ^  s  /’2/.2  n  * 

€'  =  n  therefore  hf  =  . 

sin  Bo<Pf  sin  B  4>f 


Substituting  in  (26) 


dii  0 


o  cos  B  cos  7  p/  „  . 


M 


Now 


=  -  i  As  ^  TA  Q/AA 

0  Yi 

e-  =  AAA  V  ^  N/,  and 


sin  B  0  4>i 


Pi 
dn 


/  ?  K  c 


N  -A  Q  LS'/  (  N  ^  Si 
\  0  ^7®  /  V  0 


I 
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Since  on  integratioii  the  terms  involving  products  of  unlike  harmonics  will  dis¬ 
appear,  we  have,  as  far  as  material. 


dV 

dn 


,  w  r  „  M  .  “  /  p: 

—  =:  I  ^  X  '  - 


S  \3 


Now 


\pVq  do-  =  3-Ldf  —  ^d6il(f} 


h  \3 


Since  the  term  which  is  being  determined  is  of  the  fourth  order  in  e,  we  may  put 
h/lc^^  =  1,  and  we  have 


4/5  )£  8  I  « 


0  0 


.s  \3 


L 


(27). 


'^0  0 

Since  i9o(^)  —  ^  ==  term  in  S  corresponding  to  f  =  0 

vanishes. 


§  13.  Terms  in  the  Energy  Depending  on  the  Moment  of  Inertia. 

We  have  to  determine  N,.,  the  moment  of  inertia  of  the  region  R  considered  as 
filled  with  positive  density. 

In  order  to  obtain  this  result,  we  must  express  if  -\-  in  terms  of  surface 
harmonics.  This  was  done  in  §  12  of  “Harmonics,”  but  as  a  different  definition  of 
and  SI  was  adopted  there  from  that  which  I  shall  use  here,  it  is  easier  to  proceed 
ah  initio. 

Let  zz:  I  —  and 

{rY  -  i(i  +  d),  =.  Ki  +  +  m- 

For  both  tlie  suffixes  0  and  2,  we  have  (f  +  —  1,  and 


^  -  2 
/<- 


0  0,^1  192  ^.2  '2 

'-'^1  /.l  /-I,  1  o  0,  ,  /o  /-I  _  ?  7 

- -  K-'  =  q"  7 - ,  k'  ~  <r  =  0  —  k  “  - 


l-2f 


1  -  2ff 


In  accordance  with  ecjuation  (10)  of  “The  Pear-shaped  Figure”  I  define  the 
harmonics  as  follows  : — 

S.2  =  (k’  siiff  ^  ~  (Jq^)  (pif  —  cos^(^), 

SI  =  {I  siiF  6  -  ql)  {q'l  ~  cos"  4>). 

Now  y''  =  Jd  {id  —  1)  cos"  9  sin"  <^,  2:"  =  /dk  sin"  d  (1  —  k"  cos"  f). 


and. 


o  1  —  T,  .  2t  cos^  /3  cos-  7 

”'  =  ’■1  =  A.nV  • 
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sm-/3,  0  I  ox 

(r  + 

=  cos^/3  —  Tj  +  sin'/3sin-  6  —  (cos^/3  —  rj  cos-<p  +  (cos~/3  —  k  ~  —  /c-r^)  siu"(9cos'^. 
Let  us  assume,  as  we  know  to  be  justifiable, 

{y~  +  z^)  =  AS,  +  -b  C 

=  -  -  C]  +  [A./o^  +  Bq'A]  K=  siu2  e 

+  +  B^j”]  COS'  (^  —  [A  +  B]  K~i<  ~  siu'  9  cos^  <^. . 

If  we  equate  the  coefficients  of  sin”  9  and  cos”  </>  in  these  two  expressions,  we  have 


Aq'^  +  Br//  = 


sin*  yd 


AqJ'  +  BqA  = 


Tj  —  cos^  /3 


The  solution  of  these  equations  may  be  written 


A  =  — -  h  - 

2D2,^  \  D  +  2D2',^  ’ 


-n  _  _  _  1  _  A  I  cos”  /3  \ 

“  y  ^  I)  -  K-)'^  2Dc/q 


The  simplest  way  of  finding  C  is  to  jDut  sin^  ^  — A  cos^  (f)  =  ^ ,  so  that 

/C"*  ^ 

S,  ~  S,^  =  0  ;  we  thus  find 

A  =  x(l-  +  cos”/3)  —  It,. 

Now  for  brevity  write 


ij- 

k' 


L  = 


sin  yd 


1  — 


cos”  /3 


cos  yd  cos  7  \  1)  T-  K- 

AVe  then  have 


M  = 


sin  /3 


4D(/o”  cos  yd  cos  7  \  —  /c- 


1  + 


cos-  yd  '' 


A  =  iL,  b  =  -2 

sin  d  o“ 

Hence,  substituting  for  its  value. 


cos  d  cos  7 
sin  d 


7^2 


Now 


sin®  d 


3  sin2  d 


C0s2  d  C0s2  7/1  do  1  do2  ^ 

2  .  .'2  \  21^  2  I  3 


17 


i7  siiF  d  \5V  A^Fd  Ai'^Fb  '  ' 


-  P  =  i  iU  f -Y  (cp  _  2tT) 

ilTcWdcf)  ^  \kj  ^  ^ 


Therefore 
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if  +  9  _  1  i,/7  3  /iV  J  o  cos  /3  cos  7 


dr  d0  d(f)  ^  \kj  [  sm®  l3  ^ 


1  +  cos"  y8 


3  sin^  /3 


sin®  ^  ^  '  3  sill"  p 


—  T  ■ 


cos^  ^  cos-  7/1  cI>N.3  1 
D  sill"  /3 


/i_  _  i  .4  7)  ^  \] 


When  we  integrate  throughout  the  region  R  the  limits  of  r  are  —  eS^  —  to 

zero. 

Accordingly 


cos  cos  7  ^  ^  7i,/,t,oo\  ,  1  +  cos~/3 


.4.  =  -  (Jj  f|{  [2  -  M^S^)  +  ^ 


iJ 


eS,  +  %f‘S‘ 


+ 


2-AU^  {L^S,  -  MVS,^)  +  <1 

Sin®  /3  ^  ^  ^  3  sill"  /3 


+ 


COS^  yS  cos-  7 
21)  siid  j3 


■  Jn  4.4 

.{V  AiT,=  sV  A,T,=  +  3  A,T,=J 


+ 


Ps  _  £?_  I  4  7) 

2Asiny8\^V 


The  moment  of  inertia  of  the  ellipsoid  J  is 


Also 


Aj  =  I  i¥  (  Af  =  i/V 

^  \kj  siid/3  ^ 

di2  .3  sin®  /3 


1  +  COS^  /S  3  1  +  COS"  /d 
5  sin^  13  ^  3  sin-  ^ 

MP  1  sin®  (3 


o-., 


2  _  _  _  .  , 

A  '  Tvrp  cos  /3  cos  7  2A'|)  '  27rp  ‘  cos  /3  cos  7  ‘ 


Lastly,  to  the  required  order  we  may  put  (^/^o)^  equal  to  unity  in  the  expression 
for  Ay. 

Then 

i  (4,  -  So,* = + A,/) 


_lA!  _  p./  .  4  n„ 

^  47)  cos  /3  cos  7  \yV“  ^ 


(28). 


This  completes  the  expression  for  the  lost  energy  E  of  the  system,  which  may  now 
be  collected  from  (19),  (20),  (24),  (27),  and  (28). 
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§  14.  The  Lost  Energy  of  the  System;  Solution  of  the  Frohlem. 

If  the  several  contributions  to  the  energy  be  examined,  it  will  be  seen  that  if  i,  the 
order  of  harmonics  in  fS^L  is  odd,  there  is  no  term  with  coefficient  ef:^  in  E ;  this 
follows  from  the  fact  that  the  w  and  p  integrals  vanish  for  the  odd  harmonics.  Hence, 
as  far  as  concerns  the  odd  harmonics,  E  involves  fi  only  in  the  form  {ff.  The 
condition  that  the  pear  shall  l^e  a  level  surface  is  that  E  shall  be  stationary  for 
variations  of  the  /’’s  and  of  e.  It  follows  that  when  i  is  odd  ft  is  zero.  W e  may 
therefore  drop  all  the  odd  harmonics,  inclusive  of  f^  and  it  is  clear  that  the  term 
—  in  E  (given  in  (20))  vanishes  to  our  order  of  approximation. 

For  the  sake  of  brevity,  I  adopt  a  single  symbol  for  the  coefficients  of  the  several 
kinds  of  terms  in  E  Therefore  let 


^0  —  ^3  [i  (<^2)^  +  +  5  (^iW  +  Bfpi')  ,  i  13/, 

2  9i  2  (pi 

sni^  ^ 

25/  =  23/0,/  +  (B/  +  2B3)  P/  -  P 

C/  =  (33  -  3/)  <(,/, 

(1  +  COS®  /3)  sin  /3 


a  = 


10  cos  /S  cos  7  ’ 


6  =  i.3  -  V./  +  (f  -  %  +  ir>,„) , 

c  =  L(f)2 , 

a  =  where  3/  =  f/©/.  B/  =  0/  = 

((Pq  CIVq  UVq 


With  this  notation 


1/2  r  00  00  ^r»2  3 

E  =  I  -  +  2^  Bt(fft  ~  t  Ct  {fff  +  f  ^  (a  +  +  r/i  -  \ff)  ■ 

L  2  2  ■^'TTp  J 


Let  us  now  inake  E  stationary  for  variations  of  e  and  ft. 
First,  by  the  variation  of  any  ft  excepting  f^  and  /y,  we  have 


/i* 
f  s 


(29). 


On  eliminating  all  these  we  have 


]?  _  3 


I/®  r/ 


X  ^If\ 


+  2  '-^1;'  j  e*  +  2B,e%  +  -  C,  {f.f  -  W  (//) 


So) 


+  ./,  d"  ^fz  —  '^ft)  f  • 


iirp 
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By  the  variations  of  and  e®,  we  have 

=  0  .  f  =  0 , 


^0  +  ^ 


(Bff 


4 


c=>  +  A/,  +  i?///  +  ^i)  =  o 


But  from  the  first  two  of  these  equations 

a 


7?  r  ^^2)^  «  I 

A/3  =  /  '  : 


(B,^f  „  ga)2  BJ^'a 


Therefore 


n  z  fz  —  (>%  _  ' 

Tttp  a  ’  ^3  73  -  ^^3  ^  c. 


‘^0  + 


U/ 


■^47rp\““^  c,  c:-‘^ 


=  0 


(30). 


When  8oj^  has  been  found,  andy®  are  determined  from 

_  -^2  3  j_  Jh 
■“  C;  47rp  a 

3  ^ 


(31). 


47r/3  Cy  J 


A  consideration  of  these  formulm  shows  that  it  is  iimnateiial  what  definition  is 
adojjted  for  any  one  of  the  harmonics,  provided,  of  course,  that  the  same  definition  is 
maintained  throughout. 

In  order  to  evaluate  Aq,  we  must  eliminate  ©/. 

Since  a/  =  P/€l/  ,  Bf  =  mt  =  and 


(Ivg  dvf, 
sin^  y8 


we  see  that 


Hence 


Bf =  Bt  - 


cIvq  cos  /S  cos  7 
sin"  j3  \  23;* 


cos  /3  cos  'yj 


a.-  +  W  y  +  i  — y-  =  Ar.  +  iKptf  -  i  -  Si  •  (32). 

<f),*  (/)/  ^  ^i*  .^/0;*  -  /  /  ^  COS  /3  COS  7  0;* 

If  for  brevity  we  denote  this  last  expression  by  \i,  6‘],  we  have 
=  ^3  [x  +  2^4.]  —  +  %  [t,  s]  .  .  . 


Bt  =  (^>/  +  iB/p/)  A- [B,- 


sin^  /3  \  .,  }>  ....  (32). 


2  COS  /3  cos  7 


Ci  =  . 

We  have  now  the  complete  analytical  expressions  necessary  for  the  solution  of  the 
problem. 


2  o  2 
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PAliT  II. 


Numerical  Calculation. 


§  15.  Determination  of  Certain  Integrals. 
The  integrals  w/,  p/,  depend  on  certain  others,  namely — 


— 

- 


WTT  do  1 
0  Ad“A 


cos-«  <i  , ,  I 

Tam  —  iy2»r  j 


>■ 


(33). 


After  a  large  part  of  the  work  had  been  done,  I  found  that  these  Integrals  tend  to 
ive  the  required  results  in  the  form  of  the  difference  between  two  large  numbers, 

c 

1 


and  tliat  it  would  have  been  more  advantageous  to  consider  the  integrals 


A: 


i:  =  ^  cw 

Jo  Ap" 


Op 


*A 

rDsiir"(i  ,, 

)„  Tpr 


!» 


(34). 


It  will  be  sliown  hereafter  how  the  group  (34)  may  easily  be  found  from  the  group 
(33),  and  it  inay  be  mentioned  that  most  of  the  results  were  determined  in  dujilicate 
from  both  forms. 

I  proceed  then  to  consider  the  H,  T  integrals. 

Since  Aj  =  1  —  k“  sin*  y  siir  6,  r'l  =  cos“  y  +  k  ''  sin“  y  cos’  (f),  sin“  /3  =  k'  siir  y,  we 
have 

1  ..‘J  0\  ^ 


TT/Vl  - 

"  siff/3 


/Ti2ii-2  _  t^2,i-2\ 


(35). 


=  -  ^  cor  y  T|;r'^  +  3  sin  y  t: 


2/r— 2 


J 


I  now  write 


//  =  f*" 

Jo  A  ’ 


rhir 


F 


rD 

J  0  \ 


t(b 


Q  f  {1  —  k'^  cos"  0 
V  de 


a:  =  [^  A  cie 

J  0 

iff  =  [  (1  —  C0S'’(^)  d<^ 

J  0 

A(y)=  Pa  id 


.  .  (36). 
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It  will  be  found  from  Legendre’s  tables  that  for  y  =  69°  49''0,  k  =  sin  73°  54'’2 


log  -4317642, 
log  F'  =  -2047610, 
log  F{y)  =  -2117987, 


log  E  = 
log  E'  — 


-0355145 
-1875655  ^ 


log  E{y)  —  9-9856045  J 


By  integration  by  parts 


n 


2?i 

0 


■l{n  -  1)1  +  K? 
271  -  1  /c2 


T2n 
0 


2  Qi  -  1)  1  + 
271  -  1  k"~ 


f«2a-2 

^  0 


(in  -  1)  " 


2n-i 


2n-‘i 
{2n  -  1)k'^ 


T2n—  4 
0 


L 

( 


J 


Now’  write 


(86). 


(37). 


=  1  (1  -b  sec^  /3  +  sec^  y),  H'  =  ^  (sec^  /3  +  sec^  y  +  sec^  yd  sec^  y). 


The  values  of  ^  and  y  are  64°  23'-712,  69°  49'-0  ;  whence  log  -8679015, 

log  H'  =  1-4678555.  Also  we  require  hereafter  log  H  —  1-7182664  (see  §  3). 

By  differentiation 


cl  Asin^cos^  2?i.cos-/8cos'7  2 (2)z.  —  1) G  cos“/S cos~7  2 (2ft  —  2) 77' cos- /3 cos- 7  2ft  — 


cie  Aff‘  ,  Ap«+3A 
Whence,  by  integration. 


Aff‘  A 


+ 


Ay«-2  ^ 


Ap»-iA‘ 


no„,  =  (?n«.  -  * 


71 


71 


% 


•ft 


sec- yd  sec'^ y  n2,j_4 .  .  (38). 


On  wi-iting  4/  —  1  tan  y  for  sin  y,  we  find  that  exactly  the  same  formula  holds 
good  for  the  T’s. 

To  apply  this  to  the  determination  of  Ilo,  Tq,  we  note  that 

n“_.2  =  cos^y  F  siiBy  E,  Tig  =  F'  —  sin^  y  E'  .  .  .  (39). 

Also  Tll=)^_{F-E),  %=^^(F'-E')  .  .  .  (40). 


From  the  formulae  given  in  Cayley’s  ‘  Elliptic  Integrals  ’  it  appears  that 


nl:=F  + 

T°  =  A'  + 


sin  7 

cos  yS  cos  7 
sin  7 

cos  yS  cos  7 


[FE  (y)  -  EF  (y)]  \ 

>■ 

lF'E(y)-F'F{y)  +  E'F{y)]\ 


(41). 


Now  Eo  =  F,  Eq  is  given  in  (40),  and  E^'^  for  n  =  2,  3,  4  .  .  .  are  then  given 
successively  by  (37). 
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Again,  Hg  is  given  by  (41),  and  the  successive  H;''  are  given  by  the  general 
formula  (37). 

Again  (38)  and  (39)  give 


=  Gu°o  - 


cos”  /3  cos”  7 


(cos‘^  yF  +  sin^  yE), 


n°  =  ^  Gnl  -  H'nl  + 


4  cos”  /?  cos”  7 


—  F- 

o  -*■  ? 


and  by  successive  applications  of  the  formula  (37)  we  find  the  successive  values  of 
Uf,  Uf. 

It  is  convenient  also  to  have  the  series  of  n_2,  T_o  integrals.  These  are  to  he 
found  fi'om 

U%  =  -  sin-  /3n5"'+",  sin-  +  cos'  7X5"  .  .  (42). 

The  T  integrals  may  apjoarently  be  derived  by  a  similar  set  of  formulae,  but  since 
at  each  step  we  divide  by  k'^,  a  small  Cjuantity,  all  accuracy  is  rapidly  dissij)ated. 
Although  we  may  safely  derive  one  series  of  T  integrals  from  a  preceding  one,  we 
cannot  so  derive  a  succession  of  series,  and  it  becomes  necessary  to  find  new  formulae. 

In  order  to  determine  the  T  integrals,  consider  the  group  of  integrals 

cos*'  (p 


If  we  write  f  = 


cos  7  tan  p 
cos  /3  ’ 

^  2m  — 


COS  7  . 

a  = - 7  ,  we  find 


cos  13 


1 _ r  -t 

iOs3«'-l7Jo 


COS  /d  cos®"'  ^  7  J  0  (1  +  P) 

whence,  by  some  easy  integrations, 

Ul  = 


TT 


2  cos  /3  cos  7 


TT 


Cf  4  =  ,  ''  '  (sec^  ^  +  sec'^  7), 

^  4  cos /3  cos  7^  ^ 

m  —  ,7  [sec'^  /3  A  sec^  7  +  f  (sec^  ^  +  sec^  7  +  sec-  /3  sec-  7)  +  II. 

lb  cos /3  cos  7 f  '  6\  r-  \  /I  //  I  J 

1  . 


On  expanding  -  in  powers  of  k  we  see  that 


i  .  o 


7'2«  7T2>!  I  l.,,'3  7T2'/l+2  I  UJ-pZn  +  i  I 

^  2m  ^  2m  “l  2  ^  ^  2m  “I  o  )  ^  ^  l~ 


2.4 


When  ni  =  0  the  U  integrals  are  easily  determined. 
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Ui.  =  mA  -  \  cor 

/c  -  sin"  7  /c " 


2)1-2 


I  now  write  for  brevity 

X  —  cos  IB,  y  —  cos  y,  z  =  sin  y,  \  — 


It  appears  that  we  may  put 

1 . 3 .  .  .  ~  1 


To'‘  2.4.  .  .2ft 


1  2..+  1  ,3^ 


1  +z’ 

1 . 3  211  T  1 . 2  ft  -f-  3 


_  y 

P  x  +  y 


T-'"  =  —  B  4- 

*  ixy  ^  2(1  +  z)  2.4 .. .  2n  ^  ^ 


2'  2n  +  2"  '2.4  2ft  +  2.2ft  +  4 

,  1  2ft  +  1  ,2  1 

6n  .  ■  •  ^>3 


+  .  .  . 


TT  1.3...  2  ft  —  If  ,1  2ft  +  1  ,2  .  1 . 3  2'ft  +  1 . 2ft  +  0  . 

2A  2ft  F  2. 2ft  +  4  ■  G 


2(1  +  z)  2.4 .. .  2ft  ^  V'o  2  2ft  +  2  ""2' 
TT  1.3...  272-  —  1 


Tr=4-c’,,.+ 


TT 


1.3...2ft-l 


^3 


2(1 +  z)  2.4...  2ft 
By  considering  in  detail  the  cases  where  n  =  0,  I  find 

A-q  —  1,  Ojq  —  1 ; 

^0  =  1  +  1  (1  “  2p  +  2p2),  5^^  =  1  _  i\ ; 

Jj  U  fJ  ’O 


F  =  ]-^  +  \i  +  +  +  ])  + 1 

=  1  +  (1  —  2p  +  2p^)  d-  —  (1  —  4p  +  —  -3^p®  +  Ip^), 

Cq  =  1  —  8^  + 

By  some  rather  tedious  analysis,  it  may  be  proved,  by  considering  the  manner  in 
which  each  T  is  derivable  from  the  preceding  ones,  that 


1 . 3  ...  2ft  -  3 


■^2)1  1  o  _  (  O  (  0„  O  fi~  -d.2ii_2  )  H~  C)  2j2.  _  2^^ 


1  —  2p  V2 . 4  . . .  2ft  -  2 


1 . 3  ...  2ft  -  3 


<^2)1  —  1  4-^  + 


2\2 


1  -  2\ 


ft 


^2,1  = 


1  -  2/7  ^ 


2ft  —  1 


2  (1  -  pf 


■  Ctor, 


2)1-2  h 


1.3...  277 


P"^2n-2  +  ^.2  ^2,1-2  H-  2 . 4  ...  2ft  -  2 


d(l  -d) 


^2n  — 


1  -  2X 


227\3 


(1  X)2a2H  -  1  ^>2); 


2)1-2 
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a.  = 


1  _ 

1  -  2p  L 

1 


,  4(1- pf  1.3.. .27.-3  ■ 

—  p  02H-2  +  ^2,1-2  +  2 . 4 ...  2?.  -  2  ^  ~ 


(^2n  — 


1  -  2A 


(1  -  X)'  K 


2,x- 

2n\^ 

2n-l 


^2,1-2 


By  successive  applications,  starting  from  the  values  for  7^  =  0,  I  find 


Ar 


1.3 


1,  fig  —  p,  A^  —  4p  (1  -p  —  2  4  P  (^  +  P  +  tp")’ 


"  p  (  1  +  P  +  fp^  +  fp^);  ^10  —  2  8  P  P  ^P^  ^P"  3WP'^): 


2.4.6 


1  ...9 


^12  —  9' ''  10  ^  +  p  +  fp®  +  fp'^  +  -^p"^  +  "isp^)^ 


a.  = 


— 


1,  Og  _  1  -}-  X,  (^4  _  1  -j-  X  fi-  fX^,  _  1  -f-  X  +  fX~  +  fX®, 

«s  =  1  +  X  +  yX'^  +  f  X^  fi- 

1  +  X  +  f  X2  +  f  X3  +  +  ^x^ 


Br.  = 


= 


1  +  ..pfj  +  ^2  —  P  +  ^4  —  ip 


1  +  P  +  ~2  (^  ~  ^P) 


B, 

B 


1 . 3 

2.4^ 

1.3.5 


8 


1  +  P  +  Ip^  +  3^^.o  (1  +  P  —  P^) 


iP 


10 


Bi2  — 


2.4.6 

1  ...7 
2”  .  .18^ 

2^. . .  9 
^7.10  ‘ 


12 


1  +  P  +  Ip®  +  fp®  +  -  o  (1  +  p  +  ip®  —  P®) 


00)“ 


16 


1  +  p  +  fp®  4-  Ip®  +  Ap^  +  (1  +p  +  Ip®  “  ip®  —  ip^) 


20 


1  +  P  +  Ip®  +  9  P®  +  2~TP‘^  +  ifsP^  +  9^2  (  ^  +  P  +  7  P®  +  ip®  —  ilp"^  —  7  P^) 


?>n  = 


hr.  = 


a  = 


a  = 


a 


O'  — 

\^n  - 


1  -  lx,  63  =  1  +  X  —  X^  =  1  +  X  +  |X=  —  X3, 

1  +  X  +  fx*  -  ix*  -  fXi,  63  =  1  +  X  +  f x^  +  ixi*  - -nxi  -  4X». 

0  +  -+— + 

^  ^  3o;2  ^  30)2.7/2  ^ 


ip  1  +  P  +  3^,^,2  (1  —  ip)  +  ~4j 


2.4 


1  4  P  +  fp'^  +  9^2  4  P  ~  p^)  +  ^  (1  —  ip  +  4p~) 


9,fi 
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a  = 


C'lo  = 


1.3.5 

2.4.6 

1 .. .  7 

2. . .8^ 


64 


1  +  P  +  1/5®  +  f/5®  +  (1  +  /5  +  ip~  ■”  ^P^^ 

^  P  T/5®  +  ^P^  +  ~^5P‘^  +  .7]^  (1  +  /5  +  f/5®  ~  Jp^  iP^) 


128 


+  (1  +  /5  +  0  X  p®  —  2/3^  -f 


O  Oc^ 


C  — 
^12  —  • 


Ca  - 


Ca  — 


1  -  +  i-x®,  c,  =  1  +  X  -  2X'2  +  I X^  c,  1  4-  X  +  0  X  X2  -  2X'-^  +  X4 
1  4-  X  +  |X2  -  |X3  „  +  X4  Cg  =  1  4-  X  4  fX2  -  fX3  -  I’X^  -  4X'^  +  fx^. 


By  means  of  these  formulae  I  then  formed  a  table  of  the  IT,  T '  integrals, 
corresponding  to  the  critical  Jacobian  for  which  y  =  69°49''0,  k  —  sin  78°54'’2. 

A  little  consideration  will  show  that  if  nS,,,  n|„  ITl,j  .  .  .  are  a  series  of  IT  Integrals, 
the  A  integrals  as  defined  in  (34)  are  as  follows  : — 


AS„  =  Ul,  Al,_  =  -  AH 


2/1 


A 


4  _ 


A®nS 


A®  — 


&c. 


Hence  by  differencing  the  IT  integrals  we  find  tlie  A  integrals,  and  similarly  the 
differences  of  the  T  integrals  give  the  H  integrals. 

The  converse  is  also  true,  and  by  differencing  A,  fl  we  return  to  IT,  T. 

In  this  way  I  obtain  a  series  of  values  of  the  required  integrals.  It  may  be  tliat 
the  last  decimal  place  is  erroneous  In  some  cases,  but  the  results  given  in  the  following 
table  are  sufficiently  accurate  for  our  purpose. 


Table  of  Logarithms  of  A  and  fl  Integrals. 


n. 

log  A!i,. 

log  Ao«. 

log  A.)". 

log 

log 

0 

•1064412 

•4317642 

•9049643 

1-4848513 

2-1218296 

2 

9-8518424 

9-9779679 

•1696589 

•4573383 

•8543000 

4 

9-7422028 

9-8168606 

9-9187709 

•0641097 

•2747811 

6 

9-6704204 

9-7230801 

9-7896484 

9-8771928 

9-9969099 

8 

9-6167543 

9-6573681 

9-7062560 

9-7667474 

9-8443343 

10 

9-5738269 

9-6068642 

9-6454046 

9 -6909753 

9-7467821 

12 

9-5380322 

9-5658708 

9-59774.35 

9-6339429 

9-6770135 

n. 

log  ll'ig. 

log 

log 

log 

log  fig” 

0 

9-3901374 

•2047610 

1-0302812 

1-86670.36 

2-7138342 

2 

9-0333614 

9-8993680 

•7715371 

1-6492556 

2-5319082 

4 

8-888.3413 

9-7729763 

•6613027 

1-5528790 

2-4473548 

6 

8-7988101 

9-6930495 

•5898109 

1-4886133 

2-3893878 

8 

8-7344878 

9-6345770 

•5366725 

1-4398972 

2-3245748 

10 

8-6844351 

9-5884.555 

•4944045 

1-4005018 

2-2861489 

12 

8-6435159 

9-5503544 

•4594781 

1-3669609 

2-2533269 

2  p 
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§16.  The  Integrals  cto,  cr^, 


Ill  accordance  with  equation  (14)  of  the  “Pear-shaped  Figure”  the  third  zonal 
hai'inonic  is  defined  by 


wher 


S,  =  sin  e  siu^  e  -  -  K-  cos3  cos^  (^), 


•e 


,3  _  ^ 


r  =  t  [1  +  —  (1  —  =  1  —  </■ 


The  numerical  values  for  the  critical  Jacobian  are 

ic‘2  =  -9231276,  f  =  -5746473. 

Writing  --  q^,  we  have 

hg  =  ( yd  —  /c‘^  cos®  ^)  \/(  1  ■“  cos®  0)  ( 2>®  +  k'®  sin®  (f))  (k®  +  /c'®  sin®  ^). 

Now  let 


a  =: 


T>\ 


/3  =  2p®K:®  +  2^, 


4  I  ^  A  O 

y  =  /c  + 


8  =  K^, 


rT  =  pV®,  =  2j;®K®K'®  +  pV'®,  y  =  k-k'^  +  ■lqTK\  8'  =  k'\ 

and  we  have 

(Ng)®  =  (^a  —  13  cos®  d  +  y  cos^  6  —  8  cos'’  6)  {a  -{-  (3'  sin®  (f)  -}-  y'  siu^  (/)  -h  8'  sin’’  (b). 
The  numerical  values  of  the  logarithms  of  the  coefficients  are 


Let 


log  a  —  9-0843568, 
log/3  =  9-8835606, 
logy=  -1748006, 
log  8  =  9-9305236, 


loga  =  9-0496186, 
log/3'  =  8-7693310, 
logy  =  7-9810798, 
log  8'  =  6-6573112. 


f{A,„)  =  aAS,  -  /3Al,  -f  yAi,  -  8A?, 


for  5Z  =  0,  1,  2. 


J  -p  y'Wi  +  S 

The  definition  of  cr^  in  (8)  then  shows  tliat 

'^-  =  1  yWh/(-^»)/(«J-/(A*)/(«o)  -  ff[/(A„),An.)  -r(-\,)/(p.„)]}. 

In  order  to  find  and  Ci,  Ng  must  be  raised  to  the  fourtli  power,  and  we  now  define, 
for  =  1,  2,  3, 

/  pL.q  =  —  2a/3A.2„  (2ay  -j-  /3“)  Al,j  “  (2a8  +  2/Sy)  A|i 

+  (2/38  +  f)  Xl,  -  '2yh\l  +  8®A1®  , 
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+  Sa'yS'Gs.i  +  (2ay  +  (2a'  8  +  2^  y  )  Oo^ 

+  (2^'  S'  +  y^)  GL  +  2y  S'ni°  +  8'^n’y 

From  the  definitions  of  o-^.,  in  (8),  we  see  that 

=  yyf.C‘fi-[/(-0/(no)  -,/'(A.)/(a,.)]  +  e[/(A,)/(o„)  -/(Ao)/(o,)] 

TT  bill  y 

-  /^[/(As)/(n,)  -  ./■(Ar)/(n,)J], 

A  00,3  sin  ^  (f  [/(A,)/(n„)  -/(a,0/(A,)] 

-  3r;[,/’(A,)/(n,)  -/(Ay/(n,)]}. 


O’-!.  = 


The  computations  (which  were  in  this  case  actually  made  from  the  corresponding 
formulae  involving  the  IT,  T  integrals)  gave 

0-,  =  •0136866,  Cr  =  ’00009246,  o-^  =  -00176135. 

These  have  to  be  used  in  a  formula  which  also  involves  '^3.  Now  ^3  denotes 
^13303,  or  what  should  he  the  same  thing,  Pi^Qi^.  The  formulje  in  the  “  Pear-shaped 
Figure”  with  y  =  69°  49''0,  k  =  sin  73°  54'’2,  give 

==  -351697,  =  -351744. 


Thus  the  two  functions,  which  should  l)e  identical  in  value,  differ  by  -000047.  I 
think  that  if  I  had  taken  y  =  69°  48'-997,  k  =  sin  73°  54'-225  (the  actual  numerical 
solution  for  the  critical  Jacobian,  although  not  fully  stated  in  the  “  Pear-shaped 
Figure  ”)  this  small  discrepancy  would  have  been  removed.  However,  the  difference 
is  quite  unimportant,  and  as  generally  means  Pi^Qi^,  I  take  the  former  value  and 
put  log  "^3  =  9-54617. 

With  this  value  I  find  the  required  result,  namely 

Ha  [i  (o-,f  +  2y  -  i<r,,  =  -  -00050012  . (43). 


§  17.  The  Integrals  oj/,  p/,  (^f. 

Any  harmonic  *S'A  where  i  and  s  are  Ijoth  even,  whether  in  the  approximate  form 
of  “  Flarmonics  ”  or  in  the  rigorous  form,  may  be  written 

Nf  =  [a  —  h  COS”  d  -f  c  cos^  6  ~  d  cos®  i9  -f-  . .  . )  (cd  +  6'  siiP  </>  +  c'  sin^  ff)  d'  sin® 

Each  series  is,  of  course,  terminable,  the  number  of  terms  in  each  of  the  two  factors 
being  -\-  1. 

For  the  determination  of  the  &>,  p  integrals  this  must  be  multiplied  by  (bg)^.  It 

2  i>  2 
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can  be  seen,  without  actually  writing  down  the  product,  how  the  coelEcients  will 
occur ;  I  write  therefore  those  coefficients  as  follows  : — 

Iq  =  eta,  —  (( /3  ha,  ~  (ly  -f"  h/S  -j“  Ca,  /g  ~  uS  ffi  hy  -|~  CfS  ffi  dci^  &c. 

=  a'a,  m.2  =  a' ji'  +  h'a\  =  ay'  -f-  +  c'a' ,  —  a'K  h'y'  +  c'/8'  d'a',  &c. 


Next  let 


f  (-Y,.)  ^0^2, >  ^2^2)1  "T  ~  /fiA®;,  .  .  . 

for  n  =  0,  1,  2. 

/  m^9X„  +  mM.„  +  111^91,,  +  m^9l„  ... 

Then  it  follows  from  the  defnitions  of  oj/,  pf  in  (8)  that 

-f(\)f{n,)  -  (? [/(A„)r(n,)  -/(.v,)/(n„)]j. 


p:  = 


TT  snr  7 

6  cos-  (3  COS”  7 
TT  sin-  7  siu  (3 


{/(Ao),/'(n^)-/(Aj)/(!io)}. 


It  is,  of  course,  necessary  to  reduce  the  two  factors  of  Nf  to  the  required  forms. 
The  harmonics  of  the  second  order  are 


S.f  =  (k“  siir  0  —  q,“)  {qy  —  k'-  cos'-  (p),  {s  =  0,  2), 


and  I  find  =  ‘SlOfSIO,  qd  —  ‘9623311  ;  whence  we  may  find  n,  6,  a',  b'  for 
these  harmonics. 

For  the  harmonics  of  the  fourth  and  sixth  orders  I  take  the  formulm  of  “  Harmonics,” 
and  attributing-  to  the  parameter  /3  its  value  ‘0399726  (or  more  shortly  ‘04  in  the 
terms  of  the  sixth  order),  I  reduce  (p),  ((/>)  to  the  required  forms  and  determine 

a,  0,  c,  &c.,  a',  h',  c',  &c.  The  numerical  values  of  these  coefficients  are  given  in  the 
tables  of  ^  20  hereafter. 

It  may  be  well  to  remark  that  is  needed  (l^ut  not  &>g),  and  in  this  case  Sq=  1,  so 
that  a  —  a'  =  1. 

It  seems  useless  to  go  in  detail  through  the  tedious  operations  involved  in  carrying 
out  this  process  in  the  several  cases. 

Ap23roximate  formulm  are  given  for  tlie  integrals  in  5  22  of  “  Harmonics.”  The 
1 2>o  do-  of  that  paper  is  the  same  as  ^rrJd  ~  [|  T  dO  d(f)  of  the  present  one,  and 

ros  oo.s 

the  factor  there  ^vritten  M  is  Id  —  .  i,  .  Hence  it  lidlows  that 

sin-^  /3 

cj)"  =  I  do-  of  “  Harmonics.” 


In  order  to  ap])ly  this  to  the  harmonics  of  the  second  degree,  it  must  be  borne  in 
mind  that  a  different  definition  of  =  0,  2)  is  being  used  here.  If  [^o],  [<^2~]  be 
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the  values  v/hich  would  be  found  froiu  “  Harnioiiics  ”  without  this  correction,  and  if 
(f).-,,  (jf)/  are  the  required  values,  it  appears  that 


/O  /O  ? 


where  a,  e,  a',  e  are  the  coefficients  specified  in  ^  12  of  “  Harmonics.” 

The  approximate  values  found  in  this  way  for  all  the  (f>  integrals  are  very  near  to 
the  more  correct  values,  and  might  have  been  adopted  throughout  without  material 
error.  But  as  there  was  not  much  certainty  that  the  apjoroximation  was  a  good  one 
— and  indeed  for  Sq  was  probably  bad — I  also  found  all  these  integrals,  excepting 
<pQ^,  by  the  method  now  to  Ije  descriijed. 

From  (6)  and  (8)  it  appears  that 


TT  Sin-  7 


(10  rl(f). 


If,  therefore,  we  vuite 


=  u^AL  ■ 


—  2a6xV.2„  ffi  (2ac‘  -|-  h')  A.],,  —  ['2(td  +  '2bc)  A®,;  +  .  .  . 

+  2«7>'fl|,  +  (2a'c'  +  h'-)  ni„  +  (2«  d'  +  21/0')  ffi  .  .  . 


for  =  —  1,0. 


we  have 


6 


TT  Sin-  7 


The  following  table  gives  the  results  for  all  the  o)/  p/  <i/  integrals  : — 


Table  of  Logarithms  of  (jy,  co,  p  Integrals. 


?. 

b*. 

log  </>A 

Aj)pi’oximate  log 
from  “  Harmonics.” 

log  <0;'+  10. 

log  pi^+  10. 

0 

0 

— 

— 

— 

7-63099 

2 

0 

9-0051G-10 

9-00515  -  10 

7-G7.371 

7-02716 

2 

2 

7-0.3970  -  10 

7-0397.3  -  10 

(-)  5-G819.3 

(-)  5-05256 

4 

0 

9 -09080-  10 

9-G932.3  -  10 

8-03.358 

7-35625 

4 

2 

1-72G64 

1-72729 

(-)  8-33.367 

(-)  7-59132 

4 

4 

.3-81.541 

.3-81G12 

8-29058 

7-37446 

G 

0 

9-71219-10 

9-G9.305-  10 

7-97301 

7-32602 

G 

2 

— 

2  - 205G2 

(-)  8-72778 

(-)  7-91094 

G 

4 

— 

5-29999 

9-10094 

8-13161 
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18.  The  Integrals  B/. 


Adopting  the  notation  of  the  last  section  we  have 

^[1/  (7.)  =  a  -^h  {v~  -  1)  +  C  (W  _  1)2  ^  g  _  1)3  _|_  ... 

I^et  n  =  -  -  ,  and  k  sin  ib  =  sin  v,  so  tlmt  at  the  surface  of  the  ellipsoid  where 

K  sill  ^ 

xji  =  y,  we  hare  y  =  /3. 

Then 

(t.)  =  a  -{-h  cot"  X  +  c  cot^  X  +  •  •  • 

Pf  (di)  =  cot^  /3  c  cot*  ^  +  .  .  . 


civ 


N 


and 


ow 


-  1)4  _ 


1  + 


d\fr 


1-/3 

a;  =  »,•  (-o)]^ 


0 


\/  ( 1  —  a:-  sill-  A ) 
dv 


K  \  sec  X  dr// 


r  0 


>'o 


1-/3 


Hence  =  k  [a  +  h  cot^  yS  +  c  coH  /3  +  .  .  .)”  | 


sec  X  dr/c 


0  [«  +  &  cot-  X  +  ^  cot*  X-  •  d"  ’ 

We  have,  in  §  4  of  the  “  Pear-shaped  Figure,”  the  rigorous  expression  of  this 
integral  for  harmonics  of  the  second  order,  viz.  ;  — 

,  _  tcjl-  2g/)  (1  -  g/  sill"  7)-  I  d’(7)  _  E  (7)  sill  7  cos  7  cos  /3  1  ^  ^ 

2iz/F/«ii*7  1^/  "^!?T(l-2Yshd7)j  ’  '  ^ 


The  values  of  i/q-,  gl  have  been  already  given,  and  thus  all  the  quantities  involved 
are  known. 

The  two  factors  of  (viz.,  p/  and  A  are  given  in  approximate  forms  in 
“  Harmonics,”  and  therefore,  if  we  made  allowance  for  the  different  definition  of 
adopted  in  that  paper,  we  might  calculate  'H/.  The  computations  I  made  shoAved 
that  the  results  obtained  in  that  way  would  liaAm  been  sufficiently  exact,  but  as  it 
was  clear  that  the  approximation  to  the  functions  was  not  A-eiy  close,  and  as  the 
computation  is  tedious,  it  seemed  better  to  find  the  A/  l>y  quadratures. 

In  order  to  do  this  I  divided  y  or  69°  49'  by  12,  and  took  5°  49'A^  as  the  common 
difterence,  say  S.  I  then  computed  sec  X;  ~\'  1)  cot-  X  +  C  cot*  X  +  •  •  •  J 
sec  X  -F  («  +  cot'-  X  -P  c  cot*  x  •  •  •)'  P**’  Amines  of  xjj  =  0,  S,  28,  .  .  .  128  or  y. 

As  a  fact  the  first  fiAm  or  six  Amlues  need  not  he  computed  because  the  early  A-alues 
of  the  functions  to  be  integrated  are  practically  zero.  The  ordinary  fbrmulte  of 
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quadratures  are  inappropriate  for  these  integrations,  because  the  function,  say  to 
be  integrated  increases  so  very  rapidly.  I  therefore  take  an  em^Dirical  and  integrable 
function,  say  v,,,  which  is  such  that  ;  the  quadratures  may  then  be 

applied  to  and  the  result  applied  as  a  correction  to  |  v  dip.  In  fact  this 

correction  is  always  very  small,  and  we  might  well  be  satisfied  to  use  |  v  dip,  which  is 
very  easy  to  calculate. 

The  empirical  function  v  is  given  by 

V  =  u-^.2  e  ^  “11 . 


Then  when  xjj  =  y,  v  =  i  when  ip  =  y  —  8,  v  =  Uj^^;  and 


i 


7 1  ^ 

V  dip  = 

log. 

^1 


qi  -  c  ‘  “..j 


In  all  the  cases  I  have  to  consider  the  exponential  term  is  negligible,  and  the 
integral  is  . 


■'ll 


For  the  (juadratures  we  have 


^12  —  ^^12)  ^11  —  ^hi)  —  ^h2  ( )  5  —  '^12 


% 

V-nO 


,  &C., 


and  the  equidistant  values  of  the  function,  to  be  integrated  (arranged  backwards),  are 


0,  0,  'Lo  “ '“n  ( ~  M,  Us  —  Uiol  —  ],  &C. 

WJ  WJ  \yj 

The  first  two  are  zero,  the  next  three  or  four  are  found  to  be  sensible,  and  the  rest 
are  insensible  ;  hence  the  quadrature  is  very  easy. 


The  33/  integrals  are  found  thus  : — 

13/  = 


iFi  vo)  «.  +  5  cot"  jS  +  G  coU/3  +  . . . 


IP/  (2^0) 

The  following  table  gives  the  'll/,  33/  integrals  • 
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Table  of  Logarithms  of  the  B  integrals. 


1  i. 

i 

log  10. 

log 

2  0 

9-69312 

•09295 

2  2 

9-33300 

•40665 

1  3  0 

9-54617 

•20467 

4  0 

9-44928 

•28206 

4  2 

9-25987 

•41239 

4  4 

9-06489 

•44858 

6  0 

9-24383 

•  35876 

6  2 

9-16199 

•41249 

6  4 

9-02369 

•44195 

^19.  Synthesis  of  Numerical  Results ;  Stability  of  the  Pear. 


In  the  following  tables  and  remarks  I  collect  together  some  of  the  results  which 
occur  in  the  course  of  the  work.  The  final  places  of  decimals  as  given  have,  perhaps, 
in  many  cases  hut  little  significance  : — 


/.  .s. 

(1-) 

%  - 

log  {%  -  bi®  =  log  Pi®. 

(3.) 

(^•) 

(■13 

(3)  +  (4). 

\  '  2cos;8 cosyP 

2  0 

-  -141617 

(-)  8-1562926  -  10 

•0029865 

-  -0011976 

•0017889 

2  2 

•136417 

6-1745705-  10 

-  -0000247 

•0000127 

-  -0000120 

4  0 

•07033 

8-53794  -  10 

•005214 

-  -002555 

•002659 

4  2 

•16978 

•95653 

-  -008965 

•004390 

-  -004575 

4  4 

•23558 

3-18755 

•005594 

-  -002664 

•002930 

6  0 

•17638 

8-95864  -  10 

•004067 

-  -002384 

•001684 

6  2 

•20649 

1-52052 

-  -019041 

•009820 

-  -009221 

6  4 

•24609 

4-69108 

•032054 

-  -015232 

•016822 

For  all  harmonics  higher  than  those  of  the  second  degree  '^3  —  is  the  coetiicient 
of  stability.  Since  in  all  these  cases  this  expression  is  positive,  the  ellipsoid  is  stable 
for  all  such  deformations. 

If  U bU  Ije  the  energy  function  for  the  pear,  whose  vai'iations  for  constant 
moment  of  momentum  are  considered  by  M.  Poincare,  we  have  in  our  notation 

£,'  +  5  £7  =  -  1 1  +  j  (A,  -  A,)  +  S<«=). 
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It  is  easy  to  show  from  our  analysis  that  for  the  deformation 


Oa  -  Sa)  '#>2  +  ; 


6)“  C- 


/TT/o  n 


and  that  the  corresponding  expression  with  in  place  of  holds  good  for  the 
deformation 

Forestalling  the  results  obtained  below,  it  may  be  stated  that  for 


877=^'  (/,)3  ( -  -01433  +  -03959]  ; 

and  for  /o'>S'/ 

hu  {-00015  +  -00002], 

Thus  in  both  cases  8  77  is  positive,  and  this  shows  that  the  Jacobian  ellipsoid  is  also 
stable  for  the  ellipsoidal  deformations.  The  fact,  that  hE  (the  variation  of  my 
function  of  energy  for  constant  angular  velocity)  is  negative  for  the  deformation  *S7, 
illustrates  the  truth  of  AT.  Poincare’s  remark  (‘Acta  Alath.,’  7,  p.  365):  “Si  au 
contraire  la  rotation  de  la  masse  fluide  etait  determinee  par  celle  d’un  axe  rigide 
(comme  dans  les  experiences  de  Plateau  par  exemple),  tout  deplacement  pi’oduirait 
line  resistance  passive  et  I’eHipsoide  de  Jacobi  serait  toujours  instable.” 

I  have  in  (32)  written 


[b  s]  = 


+  433,>,')’  - 


sin-  /3 


4  cos  /3  cos  7 


33.'  W  ■ 


The  following  table  then  gives  further  stages  in  the  work 


i. 

s. 

[i,  s.] 

{BffICf. 

BeiCf. 

2 

0 

•00014032 

-  -00022329 

-  -12482 

0 

2 

•00000072 

+  -00000097 

-  -08059 

4 

0 

•00009937 

•00020486 

•07705 

4 

2 

•00000276 

•00000231 

-  -000506 

4 

4 

•00000001 

•00000001 

•0000019 

6 

0 

•00002835 

•00003118 

•01852 

6 

2 

•  00000403 

•00000256 

-  -000278 

6 

4 

•00000002 

•00000001 

•00000034 

•00024190  --00022329 

•00027558 

+  -00024190 

213  [Ha-,y  +  2Cd-4a-,= 

-  -00050012 

— 

2  -i-  -00001861 

1 

! 

i 

Ao  — 

-  -00022454 

i 

^  Cf  ~ 

+ -00001861 

Numerator. 

-  -00020593 

2  Q 
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The  next  step  is  to  find 


L  = 


sin  j3 


4  cos  /9  cos  7 


1  — 


cos^/S  ' 
D  +  /c- 


M. 


sin  13 


4  Dq^  cos  (3  cos  7 


COS^yd  \ 

D-^-r 


where  D~  =  1  —  k^k  '^. 

The  numerical  values  are  logZ>  =  9’9840165,  log  Z  =  '6454565,  log  J/  =  '9591960. 
From' these  we  obtain  r  =  Lcf)^,  "D  =  whence 


Ik 

Co 

-  -0.55837 

"  GF  H  - 

•000804 

1)  = 

•031701 

Denominator  = 

-  -023332 

In  accordance  Avith  (32)  the  Numerator  divided  by  the  Denominator  is  —  - 


So)- 


4:77  pc^ 


and  I  thus  find 


log  , 

”  4:7rpc 


-  =  (-)  7-94578. 


It  was  foimd  in  §  7  of  the  “  Pear-shaped  Figure  ”  that  the  angular  velocity  of  the 
critical  Jacobian  was  given  by  ~ — =  '14200.  Accordingly,  the  scpiare  of  the  angular 
velocity  of  the  pear  being  w®  +  Ave  haAm 


OJ 


+  Sw"  =  co3[l  —  -1243146^]. 


From  the  formulse  (31)  I  then  find 

=  -150686^  /y  =  '50839eb 

Jj 

The  other  /■*  are  equal  to  "  and  are  giAmn  in  the  preceding  table.  From  (28) 
and  the  definitions  of  a,  li,  t,  ti  it  appears  that  the  moment  of  inertia  of  the  pear  is 


Aj  A,.  — 

With  log  a  =  9'8559758,  I  find 


3il/2n 


Trpkg 


1  +  -  e"  +  -  A  —  -  /y 


q  1/2"! 

A;  -  A.  =  [1  +  '131011c2]. 


27Tpk^ 


The  angular  velocity  of  the  pear  is 


y/  (c>^  -f-  Scu")  —  ^  K 1  —  '06215/ 
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Multiplying  these  last  two  expressions  together,  we  have  the  moment  of 
momentum  of  the  j^ear  ;  it  is 


2irp\ 


[1  +  •068854t'2]. 


It  follows  that,  whilst  the  angular  velocity  of  the  pear  is  less  than  that  of  the 
critical  Jacobian,  the  moment  of  momentum  is  greater.  This  result  would  afford  a 
rigorous  proof  of  the  stability  of  the  pear  if  the  numbers  were  based  on  a  complete 
solution  of  the  problem.  But  as  we  have  not  determined  an  infinite  series  of  new 
harmonic  terms,  it  becomes  necessary  to  consider  how  the  result  might  differ  if  the 
hitherto  uncomputed  terms  were  added. 


If  €  denotes  the  uncomputed  portion  of  the  infinite  series  N  |  [i,  s\  +  j’ 

A  denotes  the  addition  to  be  made  on  that  account  to  any  of  the  results  as  already 
computed,  we  have 


ec^ 


8«2\ _ 

'  47rp/  '023332  ’ 


•023332  X  -142  ’ 


Whence 

Since 


1  /8&>“  \  2ec“ 

and 


A  [\/((y^  “b  [301  ■8346€e^]. 

CO" 


jy  Scoc  C  BJ  „  ti 


=  ?r  A 


3(0” 


Uj  4:7rp 


=  —  10 


3  1263984 


A/o2=  -  ”  A 

C/p  iirp 


Then 


A  (Aj  —  Ar)  —  7 


3Jr~a  fc  ti  ^  .3 

ZTrpkQ  l_n  '  a  _ 


34/ ha 


iTT 


[-  8337892  +  397472]  ee^ 


34/hl 

27rpko 


(-  794-0420)  ee2 


Therefore 


+  Sco")  =  01  [1  —  -062156862  +  301-8346e62] 


34/2a 


Aj  -  Ar  =  v-w  [1  +  -1310106862  —  794-0420ee2] 

^TTpIvQ 

By  multiplication  we  find  that  the  moment  of  momentum  is 

34/2nai 


[1  +  -0688539e2  —  492-2074e2e]. 
2  Q  2 
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The  coefficient  of  e®  is  positive  and  the  pear  is  stable,  provided  that 

492-2074e  <  -0688539, 
or  6  <  -00014. 


Inspection  of  the  table  of  numerical  results  shows  that  the  zonal  harmonic  terms 
contribute  by  very  far  the  larger  portion  of  the  sum.  Now  the  sixth  zonal  term  was 


[6,  0]  + 


W 


=  -00002835  +  -00003118  =  -00005953. 


This  is  about  ^  of  the  critical  total  -00014.  The  j^ear  is  then  stable  unless  the 
residue  of  the  apparently  highly  convergent  series  shall  amount  to  2^  times  the 
contribution  of  the  sixth  zonal  term.  Such  an  hypothesis  appears  profoundly 
improbable,  but  I  have  thought  it  expedient  to  make  a  rough  determination  of  the 
contribution  of  the  eip’hth  zonal  harmonic  to  the  sum. 

O 

If  we  take  k  as  equal  to  unity,  Sg  =  (/x)  (iTg  {(f))  =  Pg  (/x),  and  we  easily  see  that 

the  formulse  (8)  reduce  to 


3  0 

^cos^^Jo) 

_  G  cos^Yj-Dj-D 
~  TT  sin 7  Jo  Jo 


D  (1  -1-  siid  7  sill-  0)  cos  6 
0  (1  —  siii-7siir 


{Sgf  SgcW  (/(/), 


cos  0 

1  —  sill-  7  sill-  0 


{Sg)\SgcWd(f). 


In  these  integrals  cf)  only  enters  through  {S^)^  or  (p-)]'^  [C3  (^)]k 
Now 

.  ,  ip,  ,  1-3  ,  ,  1.3.5 


Hence 


f\Cg{<j))Yd<f)  =  iu 

j  0 


a 


Wg  =:  f  A”  cos"^  y  [ 

J  I 


.4  '  ‘2.4.6 

=  ^ttK,  where  K  =  -1452. 


>(1  +siffi7Siffi^)cos^ 

0  (1  -  Slid  7  Slid  0f  ^ 


Ps  = 


3A’'cos-7rD  cos  ^ 


ein  7 


In  these  integrals 


-^8  (p)  —  li'A  [6435  sin®  $  —  12012  sin®  6  +  6930  siid  0  —  1260  siir  6  +  35] 

[Pg  (p)]'  =  a  —  /3  COS'  6  -\-  y  cos^  0  —  S  cos®  0, 

where  a,  j8,  y,  S  have  known  numerical  values. 

The  integrations  may  of  course  be  effected  rigorously,  but  it  seemed  far  easier  to 
determine  them  by  quadratures,  I  therefore  computed  the  values  of  the  functions  to 
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be  integrated  for  0  =  0,  15°,  30°,  45°,  60°,  75°,  90°,  drew  curves  on  squared  paper, 
and  counted  the  squares  on  the  positive  and  negative  sides  of  the  axis. 

In  this  way  I  find  logwg  =  6‘765,  log  pg  =  5'653. 

The  integral  (/>g  is  found  at  once  from  §22  of  “Harmonics”  with  13=0.  This 
gives  (/)s  =  or  log  (^g  =  9-247. 

If  Pg  fp)  be  expressed  in  terms  of  cosines  of  0  we  have 

Pg  (fji)  =  a  ~  h  cos“  d  +  c  cos^  d  —  c/  cos®  0  e  cos®  0, 

where  a  =  1,  h  =  18,  c  =  74'25,  d  =  107'25,  e  =  50-273, 

Then  we  may,  as  in  §  18,  put 

w,,  =  Pg  {y)  =  a  b  cot'  X  ^  X  +  X'^  ^  X* 

As  was  done  in  that  section,  I  then  computed  and  tq^,  and  so  found  the  integral 
of  the  empirical  function.  The  result  gave 

log  ^g  =:  9-191  ;  whence  log’  Hs  =  ’370, 

It  may  be  admitted  that  the  determination  of  ^Ig,  Bs  is  not  wholly  consistent  with 
that  of  the  previous  integrals,  since  I  only  assume  k  to  be  unity  in  as  far  as  the  values 
of  a,  h,  c,  d,  e  are  affected. 

Applying  these  values  as  before,  I  find  ^3— ^3= -197,  log  C3=8-540,  p3= -000092, 

11 

~  =  -0027,  and 

[8,  0]  =  -00000051,  =  -00000025. 

Hence  that  part  of  e  (the  uncomputed  residue  of  the  series)  which  depends  on  the 
eight  zonal  harmonic  is  only  about  -0000008.  The  contribution  is  so  insignificant 
compared  with  the  critical  total  -00014,  that  I  have  not  thought  it  worth  while  to 
make  estimates  for  the  tenth  and  twelfth  harmonics. 

It  may  then  be  confidently  asserted  that  the  pear  is  stable. 

I> 

In  the  course  of  this  estimate  we  have  also  found  /g  =  =  ’0027 e^. 


§  20.  Second  Aiyproximation  to  the  Form  of  the  Pear. 

Extracting  the  numerical  values  ot  the  /’s  from  our  results,  we  find  that  the 
inequality  of  the  critical  Jacobian  ellipsoid  is 

eS.^  +  c”  [-15068  S.^  +  -50839  +  -07705  -  ’000506  +  -00000019 

H-  -01852  aS'g  -  -000278  +  -00000034  +  ’0027  -  .  .  .]. 
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In  order  to  give  this  expression  a  clear  meaning,  it  is  well  to  define  the  several  S’s. 

sin^  6  —  (f  sin  6)  {(/'^  —  k'^  cos"  (f))  ^/(l  —  k  cos"  <^), 
where  =  "923128,  =  "574647 

k'"  =  "076872,  q'-^  =  "425353. 

For  the  other  harmonics  we  have 


>S/  =  [a  —b  cos^  d  +  c  cos^  6  —d  cos®  0  .  .  .)  {a/  -\-h'  sin"  (f)  -f  c'  sin^  (f)-\-d'  sin®  .  .  . ), 

where  the  values  of  a,  h,  &c.,  a' ,  h',  &c.  are  as  given  in  the  following  table  : — 


?.  s. 

a. 

h. 

cl. 

e. 

2  0 

•GO.3.374 

-923128 

0  0 

-  -039203 

-923128 

4  0 

1 

5  -  4.50 

4-901 

4  2 

-1-7988 

36  -  006 

44  -  805 

4  4 

-0839 

-7-975 

95-574 

6  0 

1 

12-6 

29-984 

18-834 

6  2 

-8-4 

121-8 

439-425 

320-523 

6  4 

3-78 

-338-312 

3680  -  303 

4482-844 

8  0 

1 

18 

74-25 

107-25 

50-273 

i.  s. 

ft'. 

h'. 

c. 

d'. 

e'. 

2  0 

2  2 

-603374 
-  -039203 

-076872 

-076872 

4  0 

4  2 

4  4 

-8036 
-  1-0666 
1-0136 

-3718 

1-8135 

-8-0266 

-0280 

-1865 

8- 

6  0 

6  2 

6  4 

-5989 

-1-1408 

1-0305 

-6888 

1-5349 

-7-704 

-1512 

-4404 

6-944 

-0000 

-0264 

704 

8  0 

1 

0 

0 

0 

0 

The  surface  of  the  pear  is  determined  by  measuring  a  certain  length  along  the  arc 
of  curves  orthogonal  to  the  surface  of  the  ellipsoid.  By  equation  (22)  it  appears 
that  that  length  measured  in  the  direction  of  the  positive  normal  is 
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Po 


eS^  + 


9  cos^  P  COS"  7 

r,> 


f  5  -  2G ) 


In  order  to  construct  a  figure  it  will  be  convenient  to  adopt  as  unit  of  length  c, 
the  greatest  axis  of  the  ellipsoid  which  is  deformed.  We  know  that 

c  =  ^  ^  h  =  k  cot  /3,  a  =  -p  ,  so  that  h  =  c  cos  /3,  a  ~  c  cos  y,  and  the  mass  oi 


sin  /S’  sin  /3 

the  ellipsoid  is  ^npc^  cos  (3  cos  y.  But  since  the  mass  of  the  pear  is  ^TTph^ 
where  kQ  =  k^  (1  it  follows  that  it  is 


cos  /3  cos  7 
sin'^  /3 


fTrpc^cos/Scosy  (1  +  -01368666^). 


Hence  the  mass  of  the  pear  is  a  little  greater  than  that  of  the  ellipsoid  whose 
deformations  we  shall  draw,  and  the  protuberances  above  the  surface  slightly  exceed 
in  volume  the  depressions  below  it. 


We  have 


Bo  = 


c  cos  /3  cos  7 
A.Fi 


c  cos  (3  cos  7 

(1  —  sin^/3  siiF  9f  (cos^7  +  sin-  7  cos^  (f)}-  ’ 


and  the  expression  for  the  orthogonal  arc,  measured  from  the  ellipsoid  to  the  pear,  is 
therefore 


- - - + - - - 

2(1  —  sin"  /3  sin^  0)  2  (cos"  7  +  sin-  9  cos"  (p) 

—  1(1  +  sec'2  /3  +  sec^  y)  |  +  . 

It  appears  to  me  that  it  will  afford  a  sufficient  idea  of  the  corrected  form  of  surface 
if  I  draw  two  principal  sections,  namely,  first,  a  section  through  the  axis  of  rotation 
and  the  longest  axis  of  the  ellipsoid,  and,  secondly,  a  section  at  right  angles  to  the 
axis  of  rotation.  It  is  not  worth  while  to  consider  the  third  section  drawn  throuorh 

o 

the  axis  of  rotation  and  the  mean  axis  of  the  ellipsoid,  since  it  will  hardly  differ 
sensibly  from  the  uppermost  figure  shown  in  the  “  Pear-shaped  Figure.” 

For  the  sake  of  brevity  I  will  call  the  first  and  second  sections  the  meridian  and 
the  equator. 

The  three  ellipsoidal  co-ordinates  v,  6,  (p  of  any  point  are  connected  with  x,  y,  z  by 
the  relationships 

X  ■=  c  sin  y .  (kV"  —  1)*  (1  —  k"  sin^  6)^  cos  (p, 
y  =  c  sin  y .  k[v^  —  l)^  cos  6  sin  (p, 
z  =  c  sin  y .  Kv  sin  6  {l  —  cos^  <p)^. 

The  equation  to  the  surface  of  the  ellipsoid  is  ^  • 

^  K  sm  7  siu  a 


Bo 


eSo  + 
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The  equation  to  the  meridian  plane  in  rectangular  co-ordinates  is  simply  y  =  0, 
that  to  the  equator  is  cc  =  0. 

In  elli|)soidal  co-ordinates  tlie  equation  to  the  equator  is  simply  (j)  =  hut  the 
equation  to  the  meridian  is  peculiar,  for  it  is  in  part  represented  by  6  =  Itt  and  in 
part  hy  (f)  —  0. 

The  curve  9  =  (f>  —  0,  which  defines  the  limit  between  the  two  regions  where 

tlie  equation  to  the  plane  has  different  forms,  is  clearly  the  hyperbola 

3,2 

o  o  •  0 

=  c-  sin-'  y. 

K  “ 


In  the  region  from  2  =  co  and  x  small  down  to  tliis  hyperbola  the  equation  is 
0  =  \  tt  •,  and  between  the  origin  and  the  hyj^erbola  it  is  =  0. 

If  we  follow  the  arc  of  the  ellipse  from  the  extremity  of  the  c  axis  we  begin  with 
6  =  ^  =  -^TT,  and  6  remains  constant  whilst  (f>  falls  to  zero.  Then  (f)  maintains  a 

constant  zero  value  whilst  6  falls  from  \tt  to  zero. 

On  the  side  of  the  origin  where  2  is  negative,  6  is  of  course  negative  and  undergoes 
parallel  changes. 

The  hyperbola  6  =  (f)  —  0  cuts  the  ellipsoid  so  near  to  the  extremities  of  the  c 

axis  that  an  adequate  idea  of  the  deformation  may  be  derived  from  the  two  extreme 
values  of  cf),  namely,  and  0.  I  have  also  thought  it  sufficient  to  compute  the 
deformations  for  ^  =  0,  30°,  60°,  90°.  We  thus  obtain  the  following  scheme  of  values 
of  9,  (f),  together  with  the  corresponding  rectangular  co-ordinates  (with  c  taken  as 
unity),  at  which  to  compute  the  deformation  : — - 


Meridian  (;j  =  0). 


9  = 

90°, 

(j)  — 

0 

0 

2  = 

1, 

X  = 

0 

9  = 

0 

0 

(f,  = 

0; 

•961, 

X  = 

•096 

9  = 

0 

0 

0 

(j)  = 

0; 

2  = 

•832, 

X  = 

•191 

9  = 

30°, 

(j)  = 

0; 

2  = 

•480, 

X  = 

•303 

9  = 

0, 

(f>  = 

0; 

2  = 

0, 

X  — 

•345 

Equator  (x  =  0). 

9=  90°,  =  90°;  2=  1,  y  =  0 

9=G0°,  4>  =  90°;  z=  -866,  y=  •2IG 

9  =  30°,  =  90° ;  2  =  -5,  y  -  -374 

y  =  0°,  (/)  =  90°  ;  2  ==  0,  y  =  -432 


It  did  not  seem  to  be  worth  wliile  to  conq')ute  the  deformations  due  to  the  eighth 
zonal  harmonic,  since  it  would  be  quite  im2)ossible  to  show  them  on  a  drawing  of  any 
reasonable  scale. 

In  order  to  exhibit  the  magnitudes  of  the  contributions  of  the  harmonics  of  the 
several  orders,  I  give  tlie  normal  departures  hi  at  the  points  2  =  1,  .a'  =  0,  y  =  0. 
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Term  of  first  order  .  .  . 

Ss 

±  -1482276 

Terms  of  second  order  pro- 

portional  to  .  .  .  . 

(SsY 

-  -010986 

S; 

•061844 

S-2^ 

•000751 

S4 

•092715 

•000849 

•000000 

•026647 

•002011 

•000001 

•184067 

-  -011737 

-  -011737 

•172330e2 

The  following  are  then  the  results  for  the  normal  departures  at  the  several  2)oints 
whose  rectangular  co-ordinates  are  specified  ; — ■ 
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In  order  to  draw  a  figure  I  take  e  —  Throughout  most  of  the  arc  of  the 
ellipsoid  the  aj^proximation  is  probably  good,  but  at  the  vertices,  which  are  just  the 
points  of  most  interest,  it  is  jii’etty  clear  that  we  are  using  a  somewhat  extreme  value 
for  6.  The  results  are 
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These  mimbers  are  set  out  graphically  in  the  annexed  figure.  It  will  he  noticed 
that  whereas  the  protuberance  at  the  positive  end  of  the  z  axis  is  great,  the 


B 


A 


deficiency  at  the  negative  end  is  almost  filled  up.  We  may  describe  the  general 
effect  by  saying  that  the  Jacobian  ellipsoid  is  very  little  changed,  excepting  at  one 
end  of  its  longest  axis,  where  it  shoots  forth  a  protuberance. 


Summary. 

If  a  mass  of  licpiid  be  rotating  like  a  rigid  body  with  uniform  angular  velocity,  the 
determination  of  the  figure  of  equilibrium  may  be  treated  as  a  statical  problem,  if 
the  mass  he  subjected  to  a  rotation  potential. 

The  energy,  say  W,  lost  in  the  concentration  of  a  body  from  a  condition  of  infinite 
dispersion  is  equal  to  the  potential  of  the  body  in  its  final  configuration  at  the 
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position  of  each  molecule,  multiplied  by  the  mass  of  the  molecule  and  summed 
throughout  the  body.  In  the  system,  as  rendered  statical,  it  is  necessary  to  add  the 
rotation-potential  to  the  gra\dtation  potential  before  effecting  the  summation.  That 
portion,  say  T,  of  the  whole  lost  energy  which  arises  from  the  rotation-potential  is 
simply  the  same  thing  as  the  kinetic  energy  of  the  mass,  when  the  system  is  regarded 
as  a  dynamical  one.  If  we  replace  W  T  hj  E  to  denote  the  whole  lost  energy  ot 
the  statical  system,  the  condition  that  the  surface  shall  be  in  equilibrium  is  that  the 
variations  of  E  for  constant  angular  velocity  shall  be  stationary.  E  must  then  be  a 
maximum  or  a  minimum,  or  a  maximum  for  some  variations  and  a  minimum  for 
others. 

It  might  appear  at  first  sight  that  the  condition  for  the  secular  stability  of  the 
figure  is  that  E  should  be  a  maximum  for  all  variations,  and  this  is  so  if  certain 
constraints  are  introduced  ;  but  in  the  absence  of  such  constraints  the  figure  may  be 
stable  although  E  is  a  minimax. 

It  has  been  shown  by  M.  Poincare  that  the  stability  must  be  determined  from  the 
variations,  subject  to  constancy  of  angular  momentum,  of  the  total  energy  of  the 
system,  both  kinetic  and  potential.  The  two  portions  of  the  total  energy,  say  U,  are 
again  IF  and  T ;  but  whereas  E  involves  the  lost  energy  IF  of  the  system  under  the 
action  of  the  gravitation  23otential,  U  involves  the  jiotential  energy  which  is  equal  to 
—  IF.  Thus  U  is  equal  to  —  IF  -j-  T. 

The  variation  of  U  with  constant  angular  momentum  leads  to  results  for  the 
determination  of  the  figure  identical  with  those  found  from  the  variation  of  E  with 
constant  angular  velocity.  But  there  is  this  imjDortant  difference,  that  to  insure 
secular  stability  JJ  must  be  an  absolute  minimum.  It  apjDears,  in  fact,  that,  in  the 
case  of  the  j^ear-shaped  figure,  while  E  is  actually  a  maximum  for  all  the  deforma¬ 
tions  but  one,  it  is  a  minimum  for  that  one,  which  consists  of  an  ellipsoidal  strain  of 
the  critical  Jacobian  ellijisoid  from  which  the  pear-shaped  figures  bifurcate  (§  19). 

But  M.  Poincare  has  adduced  another  consideration  which  enaliles  us  to  determine 
the  stability  of  the  j)ear  by  means  of  the  function  E,  without  a  dii’ect  jiroof  that  U  is 
a  minimum  for  all  variations.  For  he  has  shown  that  if  for  given  angular  momentum 
slightly  less  than  that  of  the  critical  Jacobian  ellipsoid,  the  only  possible  figure 
is  the  Jacobian,  and  if  for  slightly  greater  angular  momentum  there  are  two  figures 
(namely,  the  Jacobian  and  the  jDear  *),  then  exchange  of  stability  between  the  two 
series  must  occur  at  the  bifurcation.  If,  on  the  other  hand,  the  smaller  momentum 
corresponds  with  the  two  figures  and  the  larger  with  only  one,  one  of  the  two 
coalescent  series  must  be  stable  and  the  other  unstable.  Now  it  has  been  jDroved 
that  the  less  elongated  Jacobian  elli2)Soids  are  stable,  so  that  if  the  first  alternative 
holds  the  stability  must  pass  from  the  Jacobian  series  to  the  pear  series ;  and  if  the 
second  alternative  holds  the  pear  series  must  be  unstable  throughout.  The  question 

*  For  the  sake  of  simplicity  we  may  speak  of  a  single  pear,  instead  of  two  similar  pears  in  azimnths 
180°  apart. 
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of  stal^ility  is  then  completely  determined  by  means  of  the  angular  momentum  of  the 
pear  ;  if  it  is  greater  than  that  of  the  critical  Jacobian  the  pear  is  stable,  and, 
if  less,  unstable. 

It  suffices  then  to  determine  the  figure  by  means  of  the  variations  of  E  vith 
constant  angular  velocity,  and  afterwards  to  evaluate  the  angular  momentum. 

It  was  i^roved  by  M.  Poincare,  and  rejDeated  by  me  in  my  previous  paper,  that 
the  first  approximation  to  the  pear-shaped  figure  is  given  by  the  third  zonal 
harmonic  inequality  of  the  critical  Jacobian  ellipsoid — zonal  with  re.spect  to  its  longest 
axis.  In  2:)roceeding  to  the  higher  approximation  I  siij^pose  that  the  amplitude  ot 
the  third  zonal  harmonic  is  measured  by  a  parameter  e,  which  is  to  be  regarded  as  a 
(pmntity  of  the  first  order.  We  must  now  also  supj)ose  the  ellipsoid  to  be  deformed 
liy  all  and  any  other  harmonics,  but  with  amplitudes  of  order  eb  In  the  first 
approximation  the  lost  energy  TP  is  proportional  to  but  it  now  becomes  necessary 
to  determine  TT^  as  far  as  the  order  e^.  A  chano-e  in  the  sie'n  of  e  means  that  the 
figure  of  equilibrium  is  rotated  in  azimuth  through  180°.  Such  a  rotation  cannot 
afiect  tlie  value  of  the  energy,  and  it  thus  becomes  obvious  that  the  odd  powers  of  e 
must  Ije  absent  from  the  exjDression  for  W.  We  have  further  to  find  the  moment  of 
inertia  of  the  l:)ody  as  far  as  the  terms  of  order  e”,  and  thence  to  find  the  kinetic 
energy  T.  The  function  E  is  equal  to  W  +  T. 

In  order  to  attain  the  requisite  degree  of  accuracy,  it  is  convenient  to  regard  the 
pear  as  being  l)uilt  up  in  an  artificial  manner.  I  construct  an  ellipsoid  similar  to  and 
concentric  witli  the  critical  Jacobian,  and  therefore  itself  possessing  the  same 
character.  The  size  of  this  new  Jacobian,  which  I  call  J,  is  undefined,  and  is  subject 
only  to  the  condition  that  it  shall  be  large  enough  to  enclose  the  whole  pear.  The 
regions  between  J  and  the  pear  being  called  /A  I  suppose  the  pear  to  consist  of 
positive  density  tliroughout  J  and  negative  density  tliroughout  R  (§  1). 

The  lost  energy  of  tlie  pear  consists  of  that  of  J  with  itself,  say  \JJ ;  of  J  with 
7?,  which  is  filled  with  negative  density,  say  —  JPi ;  and  of  R  with  itself,  say  \RR. 
Tliis  last  contriliution  to  the  energy  must  be  lu’oken  into  several  portions.  It  was 
the  evaluation  of  \RR  which  baffled  me,  until  M.  Poincare’s  solution  came  to 
my  help. 

If  we  imagine  the  ellipsoid  J  to  be  intersected  by  a  family  of  orthogonal  quadrics, 
and  if  we  supjiose  for  the  moment  that  the  region  R  is  filled  with  positive  density, 
we  may  further  imagine  the  matter  lying  inside  any  orthogonal  tube  to  be  transported 
along  the  tulie,  and  to  be  deposited  on  the  surface  of  J  in  the  form  of  a  concentration 
of  positive  surfiice  density  +  0.  The  mass  of  +  C  is  equal  to  tliat  of  +  P,  but  it 
is  differently  arranged.  In  tlie  actual  system  R  is  filled  with  negative  volume 
density,  and  we  may  clearly  add  to  this  two  equal  and  opposite  surface  densities 
+  C  and  —  C  on  J. 

Thus  the  matter  lying  in  the  region  R  may  be  regarded  as  consisting  of  negative 
surface  density  —  C  on  J,  together  with  a  double  system,  namely  negative  volume 


FIGURE  OF  EQUILIBRIUM  OF  A  ROTATING  MASS  OF  LIQUID. 


809 


density  —  in  conjunction  with  equal  and  opposite  surface  density  +  C.  This 
double  system,  say  D,  is  therefore  C  — Ii.  The  lost  energy  \RR  may  be  considered 
as  consisting  of  three  parts;  first  the  energy  of  —  C  with  itself,  say  hCC ; 
secondly  that  of  D  with  itself,  say  \DJ)  \  thirdly  that  of  —  C  with  D.  This  third 
item  is  obviously  equal  to  —  (7(7  +  and  therefore  \RR  is  equal  to  —  \CG 

+  CR  +  ^DD. 

It  follows  that  the  gravitational  lost  energy  of  the  pear  may  he  wi’itten  symboli¬ 
cally  in  the  form 

1.7.7  -  JR  -GCR-  1(7(7  +  WD. 

In  this  discussion  no  attention  has  as  yet  been  paid  to  the  rotation,  1)ut  fortunately 
^t  haj^pens  that  the  introduction  of  this  consideration  actually  simplifies  the  problem, 
for  if  we  suppose  \  JJ  and  JR  to  mean  the  lost  energies  of  J  with  itself  and  with  R 
on  the  supposition  that  the  mass  is  rotating  with  the  angular  velocity  of  the  critical 
Jacobian,  the  formulae  become  much  more  tractalde  than  would  have  l)een  the  case 
otherwise. 

The  inclusion  of  part  of  the  angular  velocity  in  this  portion  of  the  function  /f, 
only  leaves  outstanding  the  excess  of  the  kinetic  energy  of  the  pear  above  the 
kinetic  energy,  which  it  would  have  if  it  rotated  with  the  angular  velocity  of  the 
critical  Jacobian.  If  co  denotes  the  latter  angular  velocity,  and  {ur  §aj^)“  the  actual 
angular  velocity  of  the  pear ;  if  Aj  be  the  moment  of  inertia  of  7,  and  A,-  that  of  R 
considered  as  filled  with  positive  density,  we  have 

E  =  IJJ  -JR  A-  CR  -  \CC  +  ADD  +  i  (Aj  -  A,)  SojA 

In  this  statement  I  have  omitted  a  term  which  arises  from  the  displacement  of 
the  centre  of  inertia  from  the  centre  of  the  ellipsoid ;  it  is  duly  considered  in  the 
paper,  but  is  shown  to  vanish  to  the  requisite  order  of  approximation  (§§  2,  14). 

The  co-ordinates  of  points  are  determined  by  reference  to  the  ellipsoid  7,  which 
envelopes  the  whole  pear,  and  the  formula  for  the  internal  gravitation  of  .7,  inclusive 
of  the  rotation  w,  is  of  a  simple  character.  The  size  of  7  is  indeterminate,  and 
therefore  the  formulae  must  involve  an  arbitrary  constant  expressive  of  the  size  of  7. 
But  the  final  result  E  cannot  in  any  way  depend  on  the  size  of  the  ellipsoid  which 
is  chosen  as  a  basis  for  measurement,  and  therefore  this  arbitrary  constant  must 
ultimately  disappear.  Hence  it  is  justifiable  to  treat  it  as  zero  from  the  beginning. 
It  appears  then  that  we  are  justified  in  using  the  formula  for  internal  gravity 
throughout  the  investigation.  If  the  artifice  of  the  enveloping  ellipsoid  had  not 
been  adopted,  it  would  have  been  necessary  to  take  note  of  the  fact  that  the  pear 
is  in  part  protuberant  above  and  in  j^art  depressed  below  the  ellipsoid  of  reference. 
M.  Potncahe  did  follow  this  last  plan,  and  then  proceeded  to  prove  the  justifiability 
of  using  the  formula  for  internal  gravity  throughout.  The  argument  adduced  above 
seems,  however,  sufficient  to  prove  the  point. 
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Although  the  constant  expressive  of  the  size  of  J  is  put  equal  to  zero — v-hich 
means  that  the  pear  is  really  partly  protuberant  above  the  ellipsoid — I  have  found 
that  a  considerable  amount  of  mental  convenience  results  from  always  discussing  the 
subject  as  though  the  constant  were  not  zero,  so  that  the  ellipsoid  envelopes  the 
pear,  and  I  shall  continue  to  do  so  here. 

^Vhen  an  ellipsoid  is  deformed  by  an  harmonic  inequality,  the  volume  of  the 
deformed  body  is  only  equal  to  that  of  the  ellipsoid  to  the  first  order  of  small 
quantities.  In  the  case  of  the  pear,  all  the  inequalities,  excepting  the  third  zonal 
one,  are  of  the  second  order,  and  as  far  as  concerns  them  the  volumes  of  J  and 
of  the  pear  are  the  same.  But  it  is  otherwise  as  regards  the  third  zonal  harmonic 
term,  and  the  first  task  is  to  find  the  volume  of  such  an  inequality  as  far  as  c". 
When  tins  is  done  we  can  express  the  volume  of  J  in  terms  of  that  of  the  j)ear, 
which  is,  of  course,  a  constant  (§§  3,  4). 

By  aid  of  ellipsoidal  harmonic  analysis  we  may  now  express  the  first  four  terms 
of  E  in  terms  of  the  mass  of  the  pear,  and  of  certain  definite  integrals  which  depend 
on  the  shape  of  the  critical  Jacobian  elli]3Soid  (§§  5,  6,  7). 

The  energy  h  ED  presents  much  more  difficulty,  and  it  is  especially  in  this  that 
M.  Poincare’s  insight  and  skill  have  been  shown.  Tlie  system  D  consists  of  a  layer 
of  negative  volume  density,  coated  on  its  outer  surface  with  a  layer  of  surface 
density  of  equal  and  opposite  mass. 

Two  surfaces,  infinitely  near  to  one  another,  coated  with  equal  and  opposite  surface 
densities,  form  together  a  magnetic  layer  or  a  layer  of  doublets.  The  change  of 
jiotential  in  crossing  such  a  layer  is  Itt  times  the  magnetic  moment  at  the  point  of 
crossing,  and  is  independent  of  the  form  of  surface.  To  find  the  difference  between 
the  potential  at  two  points  at  a  finite  distance  apart,  one  being  on  one  side  and  the 
other  on  the  other  side  of  the  layer,  we  have  to  add  to  the  preceding  difference 
a  term  equal  to  the  force  on  either  side  of  the  magnetic  layer  multiplied  by  the 
distance  between  the  two  points.  This  additional  term  is  small  compared  with  that 
involving  the  magnetic  moment,  provided  that  the  distance  is  small.  If  the  magnetic 
layer  coincided  with  the  surface  of  an  ellipsoid  the  force  in  question  would  be  exactly 
calculable,  and  if  it  lies  on  the  surface  of  a  slightly  deformed  ellipsoid  the  force 
remains  unchanged  by  the  deformation  as  a  first  approximation. 

Thus  it  follows  that  it  is  possible  to  calcidate  the  difference  of  potential  at  two 
points  lying  on  a  curve  orthogonal  to  an  ellipsoid,  when  one  point  is  on  one  side 
and  tlie  other  on  the  other  side  of  a  magnetic  layer  residing  on  a  deformation  of  the 
ellipsoid.  Further,  if  the  two  points  lie  on  the  same  side  of  the  magnetic  layer  the 
term  dependent  on  magnetic  moment  (which  would  represent  the  crossing  of  the 
layer)  disappears,  and  only  the  term  dependent  on  the  force  remains. 

Two  equal  and  opjiosite  layers  of  matter  at  a  finite  distance  apart  may  be  built  up 
from  an  infinite  munber  of  magnetic  layers  Interposed  between  the  two  surfaces. 
Hence  by  the  integration  of  the  result  for  a  magnetic  layer  we  may  find  the  change 
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of  potential  in  passing  from  any  one  j^oint  to  any  other  lying  on  the  same  orthogonal 
curve  in  the  neighbourhood  of  a  finite  double  layer. 

Again,  the  system  D,  consisting  of  —  li  and  -j-  C,  may  be  built  up  by  an  infinite 
number  of  finite  double  layers.  Hence  by  a  second  integration  we  may  find  the 
difference  between  the  potential  of  D  at  any  point  inside  R  and  the  point  lying  on  J 
where  the  orthogonal  curve  through  the  first  point  cuts  the  surface  of  J. 

Finally,  it  may  be  proved  that  the  lost  energy  ^DD  is  equal  to  half  the  difference 
of  potentials  just  determined  multiplied  by  the  density  and  integrated  throughout 
the  region  R.  The  required  expression  of  this  portion  of  the  energy  is  found  to 
consist  of  two  parts,  of  which  one  depends  on  magnetic  moment  and  the  other  on  the 
force  (§  9).  The  reduction  of  this  part  of  the  energy  to  calculable  forms  is  not  very 
simple  ;  it  is  carried  out  in  §§11,  12. 

The  calculation  of  the  moment  of  inertia  of  the  pear  is  comparatively  easy,  since  it 
only  involves  those  harmonic  inequalities  of  J  which  are  expressible  by  harmonics  of 
the  second  degree  (§  13).  On  multiplying  the  moment  of  inertia  by  ^-Sco^,  we  obtain 
the  last  contribution  to  the  expression  for  E. 

The  energy  function  cannot  involve  e^,  since  the  vanishing  of  the  coefficient  of  that 
term  is  the  condition  whence  the  critical  Jacobian  was  determined.  If  f  denotes  the 
coefficient  of  any  harmonic  inequality  other  than  the  third  zonal  one,  the  part  of  E 
independent  of  Sco^  is  found  to  contain  terms  in  e^,  elf  and  (/)'^.  The  coefficient  of 
Sco®  consists  of  a  constant  term,  a  term  in  and  terms  in  /I  and  where  these  /’s 
denote  the  coefficients  of  the  second  zonal  and  sectorial  harmonics.  This  last  part 
does  not  contain  the  coefficient  of  any  hai’inonic  of  odd  degree,  and  in  the  first  ]3art 
the  coefficient  of  the  term  in  eyfor  all  such  harmonics  is  found  to  vanish. 

The  condition  for  the  figure  of  equilibrium  is  that  the  variations  of  E  for  variations 
of  and  of  each  f  shall  vanish.  On  differentiating  E  with  respect  to  the  f  of  any 
harmonic  of  odd  degree  and  equating  the  result  to  zero,  we  see  that  that  f  must 
vanish.  Hence  it  follows  that  the  pear  cannot  involve  any  odd  harmonic  excej^ting 
the  third  zonal  one.  Again,  the  symmetry  of  the  figure  negatives  the  existence  of 
any  even  functions  involving  sine-functions  of  the  quasi-longitude  measured  from 
the  prime  meridian  (as  I  may  call  it)  of  symmetry  through  the  axis  of  rotation. 
The  same  consideration  negatives  the  existence  of  even  functions  involving  cosine 
functions  of  odd  rank.  Accordingly  the  only  functions  to  be  considered  are  the  even 
ones  of  even  rank,  involving  the  cosine  functions  of  the  longitude. 

The  equation  to  zero  of  the  variations  of  E  for  all  the  /’s,  excepting  ff',  gives 
at  once  all  those  /’s  in  terms  of  The  equations  to  zero  of  the  variations  for  /g, 
//  give  three  equations  for  the  determination  of  as  multiples  of  e".  We 

thus  have  the  means  of  finding  the  angular  velocity  and  all  the  /’s  in  terms  of  the 
parameter  e,  which  measures  the  amount  of  departure  of  the  j)ear  from  the  critical 
Jacobian  ellipsoid  (§  14). 

It  seems  unnecessary  to  give  here  any  explanation  of  the  methods  adopted  for 
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reducing  the  analytical  results  to  numbers,  and  it  may  suffice  to  say  that  the  task 
proved  to  be  a  very  laborious  one. 

The  harmonic  terms  included  in  the  computation  were  those  of  degree  2  and  ranks 
0  and  2,  of  degree  4  and  ranks  0,  2,  4,  and  of  degree  6  and  ranks  0,  2,  4.  The  sixth 
sectorial  harmonic  was  omitted  because  its  contribution  would  certainly  prove 
neo'licrible. 

The  expression  for  Sco^  was  found  in  the  form  of  a  fraction,  of  which  the  denominator 
is  determinate  and  the  numerator  consists  of  the  sum  of  an  infinite  series.  Nine 
terms  of  this  series  were  computed,  namely,  a  constant  term  and  the  contribution  of 
the  eight  harmonic  terms  sjDecified  above.  I  found,  in  fact,  that  it  would  only  change 
the  numerator  by  about  one-twentieth  part  of  itself,  if  all  the  harmonics  excepting 
the  zonal  ones  of  degrees  2,  4,  6  had  been  dropped. 

The  result  shows  that  the  sc|uare  of  the  angular  velocity  of  the  pear  is  less  than 
that  of  the  critical  Jacobian  ellipsoid  in  about  the  proportion  to  1  —  -g-e"  to  1.  On 
the  other  hand  the  angular  momentum  of  the  pear  is  greater  than  that  of  the 
ellipsoid  in  about  the  proportion  of  1  +  to  1.  If  this  last  result  were  based 
on  a  rigorous  summation  of  the  infinite  series,  it  would,  in  accordance  with  the 
principle  explained  above,  absolutely  j^rove  the  stability  of  the  pear.  The  inclusion 
of  the  uncomputed  residue  of  the  series  would  undoubtedly  tend  in  the  direction 
of  reducing  the  coefficient  given  in  round  numbers  as  ^^5-,  and  if  it  were  to  reduce  it 
to  a  negative  quantity,  we  should  conclude  that  the  pear  was  unstable  after  all. 
The  apparently  rapid  convergence  of  the  series  seemed  to  render  it  almost  incredible 
that  the  inclusion  of  the  residue  could  bring  about  such  a  reversal  of  our  conclusion, 
yet  I  thought  it  advisable  to  make  a  rough  estimate  of  the  amount  of  change  which 
would  arise  from  the  contribution  of  the  eighth  zonal  harmonic. 

The  contribution  of  the  sixth  zonal  harmonic  to  the  series  above  referred  to  was 
about  ’00006,  and  I  find  that  if  the  contribution  of  the  uncomputed  residue  should 
amount  to  ’00014,  the  apparent  stability  of  the  pear  would  be  just  reversed.  Now 
my  estimate  of  the  contribution  of  the  eighth  zonal  harmonic  to  the  same  sum  is 
’0000008,  or  only  of  fh©  critical  amount. 

Since  the  convergency  of  the  series  is  obviously  very  rapid,  it  is  wholly  incredible 
that  the  inclusion  of  the  uncomputed  residue  could  materially  alter,  much  less 
reverse  our  result.  I  regard  it  then  as  proved,  but  by  something  short  of  an 
absolute  algebraic  argument,  that  the  pear-shaped  figure  is  stable. 

The  numbers  obtained  in  the  course  of  the  determination  of  the  stability  aftbrd 
the  means  of  giving  a  second  approximation  to  the  form  of  the  pear.  The  result  is 
shown  graphically  in  the  figure  of  §  20,  where  the  largest  value  of  e  is  adopted 
which  seemed  to  secure  a  fair  degree  of  approximation  in  the  result.  I  originally 
called  the  figure  “  pear-shaped,”  because  M.  Poincare’s  conjectural  sketch  in  the 
‘’  Acta  Mathematica  ”  was  very  like  a  pear.  In  the  first  approximation,  shown  in  my 
former  paper,  the  resemblance  to  a  pear  was  not  striking,  and  it  needs  some  imagina- 


FIGUEE  OF  EQlTILTBPtIU.M  OF  A  ROTATING  MASS  OF  LIQUID. 


313 


tion  to  recognise  tire  pear  shape  in  the  second  approximation  shown  here  ;  but  a 
distinctive  name  is  so  convenient  that  we  may  as  well  continue  to  call  it  by  that 
name. 

The  effects  of  the  new  terms  now  added  are  almost  entirely  concentrated  at  the 
two  ends.  All  these  terms,  excepting-  a  very  small  one  arising  from  the  second 
sectorial  harmonic,  tend  to  augment  the  protuberance  at  the  stalk  and  to  fill  up  the 
depression  at  the  blunt  end.  It  is  true  that  there  is  a  small  term,  arising  from  the 
square  of  the  third  zonal  harmonic,  which  diminishes  the  protuberance  and  increases 
the  depression,  hut  this  cannot  be  regarded  as  a  new  term,  since  it  only  represents 
the  effect  of  the  fundamental  harmonic  carried  to  the  second  order  of  small 
quantities. 

The  new  zonal  harmonics  furnish  by  far  the  most  important  contributions.  The 
second  zonal  harmonic  denotes  that  the  ellipsoid  most  nearly  resembling  the  pear  is 
longer  and  less  broad  than  the  Jacobian,  The  largest  conti-ibution  of  all  is  that 
due  to  tlie  fourth  zonal  harmonic,  and  this  may  be  regarded  as  the  octave  of  the 
second  zonal  term.  A  roug-h  estimate  shows  that  the  eighth  harmonic,  or  the  double 
octave  of  the  second,  is  still  sensible.  The  sixth  harmonic  is  the  octave  of  the 
fundamental  third  zonal  harmonic,  and  is  the  last  of  the  three  important  terms. 

The  general  effect  is  that  the  protuberance  at  the  stalk  of  the  pear  is  much 
increased,  and  the  depression  at  the  other  end  nearly  filled  up.  Over  the  greater 
part  of  the  wliole  surface  the  depressions  and  protuberances  are  less  conspicuous 
than  they  were.  The  nodal  lines  where  the  surface  of  the  pear  cuts  that  of  the 
ellipsoid  are  entirely  shifted  from  their  former  positions.  It  did  not  seem  wortli 
wlfile  to  attempt  to  specify  their  new  positions,  because  the  choice  of  the  ellipsoid  to 
which  we  refer  influences  the  result  so  largely.  The  ellipsoid  on  wliich  these  figures 
are  constructed  is  that  which  is  called  J  in  this  summary.  Its  volume  is  a  little  less 
than  tliat  of  the  pear,  so  that  the  protuberances  are  a  little  greater  in  volume  than 
the  depressions. 

I  think  it  is  hardly  too  much  to  say,  tliat  in  a  well-developed  “  pear  ”  the 
Jacobian  ellipsoid  has  nearly  regained  its  primitive  figure,  but  subject  to  a  small 
tidal  distortion  due  to  the  attraction  of  a  protuberance  which  it  shoots  forth  at 
one  end.  I  venture  to  give  here  a  coniectural  sketch  of  a  further  stage  of  the 
development. 


If  we  look  at  this  figure  and  at  those  drawn  by  Mr.  Jkaxs  in  his  striking 
investigation  of  the  parallel  changes  in  the  shape  of  an  infinite  rotating  cylinder 
VOL.  CC. — A.  2  8 
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{slip!  a,  p.  671,  we  can  hardly  fail  to  be  reminded  of  some  such  phenomenon  as  the 
protrusion  of  a  filament  of  protoplasm  from  a  mass  of  living  matter. 

Notwithstandino;  the  caveat  which  M.  Poincare  enters  as  to  the  dangers  of 
applying  these  results  to  heterogeneous  masses  and  to  cosmogony,  I  cannot  restrain 
myself  from  joining  him  in  seeing  in  this  almost  life-like  process  a  counterpart  to  at 
least  (me  form  of  the  birth  of  double  stars,  planets,  and  satellites. 


Note. — Erratum  in  “  Ellipsoidal  Harmonic  Analysis,”  ‘  Phil.  Trans.,’  A,  vol.  197, 
p.  512,  line  4  from  foot.  The  first  term  inside  the  bracket  shmdd  be  negative. 
The  mistake  runs  on  and  the  same  correction  should  be  made  in  equations 
(62),  (63),  and  (64),  and  in  line  9  on  the  following  page. 
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H ] STORICAL  InTROD UCTION. 


(I.)  On  the  Rate  of  Movement  of  the  Flames,  and  the  Pressui  cs  produced  rn  the 

Explosion  of  Gases. 

Humphry  Davy""^^  was  the  first  to  observe  tlie  rate  at  which  an  explosion  of  gases 
Avas  propagated  in  a  tube,  and  he  also  made  the  first  i-ough  experiment  on  tlie  tem¬ 
perature  i-eaclied  in  an  explosion.  When  gas  from  tlie  distillation  of  coal  (Avhich  he 
found  more  infiammable  than  fire-danpi)  was  mixed  Avith  eight  times  its  volume  of 
air,  and  AA’as  fired  in  a  glass  tube  1  foot  long  and  inch  in  diameter,  the  flame  took 
more  than  a  second  to  traverse  the  tube.  When  cvanonen  mixed  AAuth  twice  its 
volume  of  oxygen  Avas  fired  in  a  bent  tube  over  Avater,  the  quantity  of  Avater 
displaced  showed  that  the  gases  had  exjianded  fifteen  times  their  original  hulk.f 
Bunsen, I  in  1867,  made  the  first  careful  measurement  of  the  rate  at  AAhiich  an 
explosion  is  propagated  in  gases,  and  he  also  made  the  first  systematic  researches  on 
the  pressure  and  temperature  produced  by  the  explosion  of  gases  in  closed  vessels. 
His  results  led  him  to  the  remarkable  conclusion  that  there  Avas  a  discontinuous 
combustion  in  explosions.  When  electrolytic  gas,  or  AAdien  carbonic  oxide  Avith  halt 
its  vnlume  of  oxygen,  is  fired,  only  one-third  of  the  mixture  is  burnt,  according  to 
Bunsen,  raising  the  temperature  of  the  Avhole  to  about  3000°  C.  No  further  chemical 
.action  then  occurs  until  the  gaseous  mixture  falls,  by  cooling,  below  2500°  C.  Then 

*  ‘  Phil.  Trans.,’  1816  ;  ‘  Collected  Works,’  a'oI.  6,  jJ.  26. 

t  ‘  Phil.  Trans.,’  1817 ;  ‘  Collected  Works,’  vol.  6,  p.  73. 

;  ‘Ann.  Phys.  Chem.,’  a-o1.  131,  p.  161 ;  ‘Phil.  Mag.,’  vol.  34,  p.  489  (1867). 

2  S  2 


(328.) 


4.2.03 


31G 


PROFESSOR  H.  B.  DIXON  ON  THE  MOVEMENTS 


a  further  combustion  begins,  and  so  on  per  saltum.  These  deductions  were  criticised 
by  Berthelot,  who  pointed  out  that  they  assumed  the  constancy  of  the  specific 
heats  of  steam  and  of  carbonic  acid  at  high  temperatures. 

Buxsen  also  in  the  same  paper  makes  the  important  statement  that  the  rapidity 
Avith  which  a  flame  spreads  is  synchronous  with  the  attainment  of  the  maximum 
temperature  and  with  complete  combustion.  Having  determined  the  rate  at  which 
the  flame  is  propagated  in  j^ure  electrolytic  gas  as  34  metres  per  second,  Buxsex 
finds  that  the  time  required  to  ignite  the  gas  in  his  pressure-tube  from  a  central 
spark  through  a  radius  of  8 '5  millims.  is  8 ‘5/34,000  =  1/4000  second.  We  may 
conclude,  he  says,  that  the  time  u'hich  the  whole  of  the  gas  takes  to  burn  completely, 
and  therefore  cdso  to  reach  the  maximum  temperature ,  is  not  more  than  1/4000  part 
of  a  second.  Buxsex  thus  identifies  the  rate  of  ignition  with  that  of  complete 
combustion.  I  do  not  know  on  what  grounds  Buxsex  leased  this  statement,  which  I 
have  found  to  be  nearly  true  of  the  detonation-wave  itself  {I’onde  expdosice  of 
Berthelot),  hut  not  of  the  initial  periods  of  the  explosion. 

In  1881  Berthelot"^'"  and  Le  Ch atelier!  independently  discovered  the  great 
velocity  with  which  the  flame  travels  in  gaseous  explosions.  Berthelot  showed 
that  this  velocity  was  a  constant  for  each  gaseous  mixture,  and  compared  the  rate  of 
the  detonation-wave  (I’onde  explosive)  with  the  mean  velocity  of  the  molecules 
jiroduced  by  the  combustion  before  they  had  lost  any  heat.  In  the  Bakerian  Lecture 
for  1893  the  author  showed  that  Berthelot’s  theory  did  not  account  for  many 
observed  rates  of  explosion,  and  put  forward  the  view  that  the  “explosion-wave” 
(now  called  the  detonation- wave)  travelled  with  the  velocity  of  sound  in  the  burning 
gases.  Using  the  rates  determined  by  the  author,  D.  L.  Charm  ax  has  argued  that, 
if  the  detonation-wave  is  of  a  permanent  type,  an  equation  can  be  deduced  from 
IIiEMAXx’s  formula  by  which  the  rates  of  explosion  can  be  calculated  if  the  specific 
heats  are  known,  and  vice  versa.  The  rate  of  the  detonation-wave  may  therefore  be 
utilised,  according  to  Chapmax,  to  determine  the  specific  heats  ol  gases  at  very  high 
temperatures. 

In  1883  Mallard  and  Le  Chatelier§  published  their  researches  on  the  com¬ 
bustion  of  gaseous  explosive  mixtures.  They  were  the  first  to  study  the  movements 
of  the  flame  by  a  jihotographic  method,  of  which  I  will  speak  more  fully  later  on. 
In  order  to  measure  the  pressures  produced  in  the  explosion.  Mallard  and 
Le  Chateiter  at  first  emploved  a  very  delicate  Deprez  indicator  connected  with  the 
explosion  bomb.  A  s]/ring  could  he  screwed  up  against  the  piston  so  that  a  certain 
pressure  was  required  to  move  it.  A  thin  metal  tongue  attached  t<.)  a  cord  and 
weight  was  held  in  its  place  by  the  pistoii-rod  ;  if  the  pressure  on  the  piston  equalled 

*  ‘  Comptes  Rendu.s,’  vol.  93,  p.  18. 
t  ‘Comptes  Reiiclus,’  vol.  93,  p.  145. 

1  ‘  Phil.  .Mag.,’  Jail.,  1899,  p.  90, 

§  ‘Annales  ties  INlines  ’  (8th-spries),  vol.  4,  1883. 
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the  pressure  of  the  spring  the  metal  tongue  moved ;  it  not,  it  remained  stationary. 
By  successive  trials  the  pressures  produced  in  the  ])omb  could  thus  be  obtained. 
With  this  apparatus  Mallard  and  Le  Chatelier  found  that,  with  all  rapidly 
exploding  mixtures,  very  liigli  pressures  were  often  produced  during  very  small 
intervals  of  time.  These  pressures  were  not  always  the  same  for  the  same  mixture. 
Tliese  fugitive  pressures  are  due,  according  to  Mallard  and  Le  Chatelier,  to  the 
compression-wave  which  is  propagated  as  the  inflammation  spreads  from  layer  to 
layer,  and  may  become  of  enormous  intensity  in  the  detonation-wave  itself  As  their 
object  was  to  measure  the  mean  pressure  in  the  whole  mass  of  gas,  they  abandoned 
the  delicate  Deprez  indicator  and  used  a  Bourdon  gauge.  From  the  curves  of 
pressure  so  registered  they  obtained  expressions  for  the  rate  of  cooling  of  the  products 
of  combustion,  and  so  calculated  the  maximum  pressures  and  temperatures  ot  the 
explosions.  Their  results  may  be  summarised  in  the  statement  that  the  maximum 
temperature  of  explosion  of  moist  electrolytic  gas  is  3350^  and  the  mean  specific  heat 
of  steam  between  this  temperature  and  0°  is  16 '6,  dissociation  l)eing  very  alight,  if 
any,  between  these  limits ;  on  the  other  hand,  the  mean  specific  heat  of  carbonic  acid 
rises  to  13 '6  at  2000°,  and  above  this  temperature  dissociation  begins.  The  diatomic 
gases  (Og,  No,  CO,  &c.)  also  show  a  rise  of  specific  heat,  though  far  less  marked  than 
steam  or  carbonic  acid  exhibits. 

In  1S85  Berthelot  and  Vieille"'^  published  their  researches  on  the  pressures 
produced  in  the  explosion  of  gases.  They  measured  the  pressui'es  by  determining 
the  maximum  acceleration  of  a  piston  of  known  weight  moved  against  gravity, 
making  a  correction  for  the  cooling  effect  of  the  walls  when  a  small  explosion  vessel 
was  employed.  From  the  maximum  pressures  they  calculated  the  maximum  tem¬ 
peratures,  arriving  at  results  for  hydrogen  and  carbonic  oxide  mixtures  similar  to 
those  obtained  by  Bunsex  and  by  Mallard  and  Le  Chatelier.  But  whereas 
Bunsex  attributed  the  defect  of  pressure  observed  to  the  inability  of  two-thirds 
of  the  gases  to  combine  at  the  temperature  reached,  the  French  chemists  attribute 
this  defect  of  pressure  to  the  great  increase  of  the  specific  heats  of  the  gaseous 
products  of  combustion.  By  determining  the  pressure  produced  in  the  explosion 
of  cyanogen  with  its  own  volume  of  oxygen — 

CgNg  +  0.2=  2CO  -f  Ng 

— they  calculate  the  maximum  temperature  as  4394°  C.,  and  the  mean  specific  heat 
of  CO  and  Ng  at  constant  volume  between  0°  and  4400°  C.  is  found  to  be  9 ’6, 
which  is  just  double  the  value  found  at  ordinary  temperatures.  Similar  determina¬ 
tions  were  made  with  cyanogen  and  the  oxides  of  nitrogen.  It  is  to  be  observed 
that  Berthelot  and  Vieille  assume  that  at  the  moment  of  maximum  pressure  the 
combustion  is  complete.  In  the  same  way  Berthelot  and  Vieille,  by  determining 
the  pressures  produced  in  the  explosion  of  hydrogen  and  carboiiic  oxide,  obtain 

*  ‘  Aiinales  de  Chim.  efc  Phys.’  [VI.],  vol.  4,  p.  13  (1885). 
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values  for  the  specific  heats  of  steam  and  carbonic  acid  at  high  temperatures.  For 
the  purpose  of  comparison,  the  results  obtained  by  Mallard  and  Le  Chatelier,  by 
Berthelot  and  Vieille,  and  those  calculated  by  Chapman  are  printed  in  parallel 
columns  in  the  fbllowiug  table  : — 


Table  I. — Mean  Sjjecilic  Heat  of  Diatomic  Gases  (N,2;  ‘^c.)  at  Constant  Volume. 


Temperature. 

Mallard 

and 

Le  Chatelier. 

Berthelot 

and 

Vieille. 

) 

D.  L.  Chapman. 

0°  C. 

4-8 

4-75 

0“_1000° 

5-4 

4 ‘75 

— 

0°_2000° 

6-0 

5  •  4 

7-45 

0°— .3000° 

6-C 

7-0 

7-56  i 

0°_4000° 

7-2 

8  *  6 

7*67 

0°_5000° 

7-8* 

10-2 

_  7  •  7  8 

Mean  Specific  Heat  of  Steam. 

0° 

5  •  6 

_ 

_ 

0°_1000 

8-9 

— 

— 

0°_2000° 

12-2 

16-2 

8-7 

0^—3000° 

15-5 

18-1 

11-9 

0°— 4000° 

18-7 

20-0 

14-3 

Mean  Specific  Heat  of  CC\. 

0° 

6-3 

6-4 

_ 

0°— 1000° 

11-1 

— 

0°_2000° 

13-6 

19-1 

— 

0°_3000° 

Dissociation 

20  •  6 

1 

1 

(}n  the  other  hand,  D.  Clerk!  contends  that  in  an  explosion  of  gases,  combustion 
is  not  completed  instantaneously,  the  products  of  combustion  are  cooling  while  the 
unburnt  particles  are  still  combining,  and  therefore  the  maximum  temperature 
reached  never  coincides  with  the  theoi'etical  temperature  calculated  for  instantaneous 
combustion.  The  spreading  of  the  flame  throughoiit  the  vessel,  i.e.,  the  inflammation 
of  the  whole  mass  of  gas,  is  not  coincident  with  the  moment  of  maximum  tempera¬ 
ture  and  pressure.  On  exploding  mixtures  of  coal-gas  and  air,  and  of  hydrogen  and 
air,  in  a  closed  vessel,  and  registering  the  pressure  with  a  Bichards’  indicator,  Clerk 
conies  to  the  conclusion  that  neither  dissociation  of  the  products  of  combustion,  nor 
a  rise  in  the  specific  heats,  can  account  foi-  the  tall  of  the  observed  pressures  beloM' 
those  calculated.  This  fall  must  be  accounted  for  by  the  gradual  inogress  of  the 
combustion. 

Concerning  the  rise  in  the  specitic  heat  of  carbonic  acid  there  can,  I  think,  be 

*  Direct  experiments  made  liy  Mallakd  and  Le  Chateliei:  on  the  explosion  of  CoNj  +  0^  give  the 
mean  specific  heat  of  CO  and  of  Nj  at  4200°  as  10,  and  at  2500°  as  7'5.  ‘  Recherches,’  p.  27(5. 

t  ‘Proc.  Inst.  Civil  Engineers,’  vol.  85  (1886). 
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little  doubt  that  it  really  exists.  Regnault  and  Wiedemann  both  found  a  distinct 
increase  at  constant  pressure  between  100°  C.  and  200°  C.  I  have  lately,  in  con¬ 
junction  with  Mr.  F.  W.  Rixon,  determined  the  specific  heat  of  carbonic  acid  at 
constant  volume  at  100°  C.,  200°  C.,  300°  C.,  and  400°  C.,  and  find  a  steady  rise  in 
the  constant.'"'  On  the  other  hand,  the  facility  with  which  carbonic  acid  breaks  up 
under  the  influence  of  electric  discharges  indicates  that,  as  its  temperature  is  raised, 
work  is  done  in  loosening  the  chemical  bonds — work  which  Berthe  lot  calls  “  le 
travail  de  desagregation  moleculaire  qui  precede  la  decomposition.”  Of  the  fact  ol 
the  jiartial  dissociation  of  carbonic  acid  and  steam  at  the  temperature  of  the  detona¬ 
tion-wave,  Mr.  H.  W.  Smith  and  I  have  found  direct  proof  in  the  unburnt  gases 
left  on  cooling,  t 

Liveing  and  DewarJ  showed  in  1884  that  the  flame  of  an  explosion  of  gases  in  a 
o'lass  vessel  exhibited  with  marked  brightness  the  lines  of  sodium  and  of  calcium. 
When  the  explosion  ot  electrolytic  gas  was  made  to  pass  along  an  iron  tube  about 
3  feet  long,  closed  at  one  end  by  a  jilate  of  quartz,  a  spectroscope  jilaced  in  a  line 
with  the  axis  of  the  tube  revealed  the  fact  that  the  light  was  largely  due  to  iron 
lines.  When  metallic  salts  in  the  form  ot  powder  were  introduced  into  the  explosion 
tube,  the  corresponding  lines  were  visible  in  the  spectroscope.  These  experiments 
showed  how  quickly  the  ignited  gases  could  detach  and  volatilise  solid  matter  from 
the  side  of  the  tube.  But  as  i-egards  the  nature  of  the  detonation-wave  itself,  the 
most  interesting  observation  made  by  Livjhng  and  Dewar  was  the  reversal  of  the 
red  lithium  line  when  the  explosion  was  made  to  travel  towards  tlie  spectroscope. 
The  natural  interpretation  of  this  reversal  was  that  “  there  are  gradations  of  tem¬ 
perature  in  tlie  flame,  and  that  the  front  of  the  advancing  wave  of  explosion  is 
somewhat  cooler  than  the  following  part.”  I  woidd  observe  on  this  conclusion  tliat 
in  the  many  hundreds  of  photographs  taken  Iw  me,  the  front  of  the  detonation-wave 
is  always  shown  as  exceedingly  sharp,  and  that  probably  the  reversal  observed  was 
due  to  the  wave  reflected  back  from  the  quartz  plate. 

The  light  produced  by  the  explosions  of  electrolytic  gas  is  mainly  due  to  particles 
knocked  from  the  glass.  In  the  faint  continuous  spectrum  shown  by  the  flame,  the 
calcium  lines  stand  out  prominentlv.  When  the  explosion  travels  first  througli  a 
metal  tube  joined  to  a  glass  one  in  which  the  flame  is  photographed,  the  light  is 
more  intense  near  the  junction.  One  can  see  the  stream  of  luminous  matter  carried 
out  of  the  metal  tube,  as  in  figs.  23  and  42  (lead)  and  39  (copper). 

The  luminous  particles,  whatever  their  nature,  follow  very  closely  the  movements 
of  the  gas  in  which  they  float. 

The  cyanogen  explosions  gave  a  continuous  spectrum  crossed  by  metallic  lines  and  by 
the  characteristic  “  cvanogen  lines.” 

*  ‘Brit.  Assoc.  Eeport,’  1900,  p.  697. 

t  ‘  Manchester  Memoirs,’  1S89,  p.  2. 

I  ‘Koy.  Soc.  Proc.,’  vol.  36,  p.  471. 
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By  tlie  kindness  of  Dr.  Schuster  1  was  enahled  to  nse  his  apparatus  to  photogTaph 
the  spectrum  of  the  flame  of  cyanogen  and  oxygen  as  it  exploded  in  a  tube.  With 
a  sijigle  prism,  a  continuous  spectrum  was  obtained  showing  a  few  bright  lines.  In 
order  to  get  a  detailed  spectrum,  the  gases  were  fired  in  a  gun-metal  tube  end-on  to 
the  spectroscope,  the  end  of  the  tube  next  the  spectroscope  being  open  just  before  ' 
firing.  By  this  means  sufficient  light  was  secured  to  employ  considerable  dispersion. 
A  cadmium  spark  spectrum  was  taken  on  the  same  plate  for  comjjaiison.  No  reversal 
of  any  line  Avas  shown  on  the  })]iotograpli  as  in  Livetng  and  Dewar’s  experiment 
where  the  explosion  tul)e  Avas  closed  by  a  quartz  plate. 

(2.)  Photogrcvpluc  Records  of  the  Moving  Flame. 

The  discoAmi'A"  of  tlie  detonation-AAuiA'e  in  mrseous  mixtures  bv  Berthelot  and 
ViEiLLE  AA-as  folloAA^ed  shortly  by  the  researches  of  Mallard  and  Le  Chatelier  on 
the  initial  phases  of  the  explosion.  The  method  they  found  most  suitable  for  tracing 
the  progress  of  the  flame  aatis  a  photographic  one;  the  moAmment  of  the  flame  along 
a  horizontal  tulje  being  recorded  on  a  sensitised  paper  moving  Amrtically.  Failing  to 
obtain  any  photographic  image  of  the  flame  Avith  mixtures  such  as  carbonic  oxide 
with  oxygen,  Mallard  and  Le  Chatelier  employed  caihon  disulphide  Avith  oxygen 
or  nitric  oxide,  these  mixtures  Aueldino-  hiffiiD  actinic  flames. 

When  the  gases  Avere  igjiited  by  a  flame  at  the  open  end  of  a  long  tube,  the  flame 
was  propagated  along  the  tube  for  some  distance  Avith  a  uniform  sIoav  A'elocity  which 
Mallard  and  Le  Chatelier  regard  as  the  true  rate  of  propagation  liy  conduction. 
In  the  case  of  mixtures  of  carlion  disulphide  Avith  nitiic  oxide,  this  period  of  uniform 
moA-ement  is  succeeded  by  oscillations  of  the  flame,  AAdiich  sometimes  liecome  of  larger 
and  larger  amplitude  and  then  die  doAvn,  and  sometimes  glA'e  rise  to  the  detonation- 
AAmve.  When  caiLon  disulphide  is  mixed  Avitii  oxygen  the  preliminarv  period  of  uniform 
moAmment  is  shorter  and  is  immediateh"  succeeded  1)A"  the  detonation-AvaA’e.  Tliese 

xJ  K' 

tAvo  mixtures  appear  to  be  typical  of  other  gase(Aus  mixtures,  cai'hon  disulphide  AA'ith 
oxygen  resemldlng  oxygen  mixtures  generally,  carbon  disulphide  AA’ith  nitric  oxide 
resembling  air  mixtures  g’enerallAU 

Mallard  and  Le  Cha'J'EEIER  draAv  attention  to  the  fact  that  in  the  explosions 
starting  at  the  open  end  of  the  tube  the  deAmlopment  of  the  detonation-AA’aA’e  is  not 
progressiAm,  hut  ahvays  instantaneous.  The  detonatlon-AvaA-e  is  characterised  not 
only  by  its  great  Amlocity  of  moAmment,  hut  liy  its  intense  luminosity  and  the  A-ery 
high  pressures  instantaneously  set  up  in  it. 

On  the  other  hand,  Mallard  and  Le  Chatelier  found  that,  Avhen  the  mixture  of 
caiLon  disulphide  and  nitric  oxide  AAms  fired  near  the  closed  end  of  the  tube  the 
moAmment  of  the  flame  AA^as  uniformly  accelerated,  until  the  detonation-AvaAm  aa'us  set 
up.  Their  apparatus,  in  AA'liich  the  photogi'aphic  paper  could  not  be  moA'ed  faster 
than  1  metre  per  second,  failed  to  analyse  the  more  rapid  moA'ements  of  the  flame. 
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To  make  clear  the  movements  studied  by  Mallard  and  Le  Ch atelier  I  reproduce 
on  Plate  10  four  of  theu’  photographs. 

In  fig.  1  the  mixture  of  carbon  disulphide  with  six  times  its  volume  of  nitric  oxide 
is  ignited  at  the  open  end  of  a  tube  3  metres  long  and  20  millims.  in  diameter.  The 
tube  is  made  up  of  three  pieces,  of  1  metre  each,  fastened  together  by  rubber  rings, 
which,  eclipsing  the  flame  as  it  passes,  show  as  blank  bands  on  the  photographs. 
The  flame  advances  with  a  uniform  velocity  of  1’25  metres  per  second  to  the  point  b, 
where  the  rate  increases  and  vibrations  begin.  From  this  point  the  rest  of  the 
combustion  takes  place  with  strong  vdbrations  of  the  flame. 

In  a  tube  of  10  millims.  diameter  the  jieriod  of  unifoim  velocity  is  shorter  (fig.  2). 
The  vibrations  die  down  and  recommence,  but  after  the  flame  has  traversed  a  little 
over  1  metre  the  flame  is  extinguished. 

o 

Fig.  4  is  the  photograph  of  the  ex|)losion  of  carbon  disulphide  and  oxygen  fired  at 
the  open  end  of  the  tube.  A  short  j^eriod  of  uniform  jirogression  is  followed  abruptly 
by  a  flame  which  appears  to  be  propagated  instantaneously. 

Fig.  3  shows  the  effect  of  igniting  the  mixture  of  carbon  disulphide  and  nitric 
oxide  near  the  closed  end  of  a  tube  2  metres  in  length.  The  velocity  of  the  flame 
continually  increases  from  the  jioint  of  inflammation,  a.  This  photograph"’'  clearly 
shows  a  “  rebound  ”  wave,  c  d,  from  the  end  of  the  tidie,  which  was  not  broken  like 
the  one  described  in  the  text  (‘ llecherches,’  p.  fl). 

Experiments  of  A.,  vox  Oettingex  and  A.  vox  Gerxet. 

Oettixgex  and  Gerxet  t  set  out  to  prove  tlie  truth  of  Buxsex’s  principle  ot 
successive  jJai'tial  explosions.  This  discontinuous  step-like  condjustion  (“  welches  wir 
juit  neuen  Methoden  experimentell  zu  prlifen  unternahmen  ”)  should  yield  evidence 
of  its  real  existence  if  the  flame  of  the  exjilosion  were  analysed  by  a  lotating  mirror. 
By  an  ingenious  arrangement  they  contrived  to  pass  a  spark  through  a  eudiometer 
tube  at  the  moment  when  the  image  of  the  tidie  was  thrown  by  the  lotating  mirror 
into  a  camera,  so  tliat  the  light  of  the  flame  might  be  drawn  out  and  its  movements 
recorded  on  a  photographic  plate.  But  altliough  the  flame  of  electrolytic  gas 
ajjpeared  intensely  bright,  its  spectrum  only  gave  the  sodium  and  calcium  lines,  and 
the  most  sensitive  photographic  plates  showed  “  hardly  a  trace  of  the  process.  ’ 
Failing  to  2)hotogTaph  tlie  flame  itself,  they  added  finely  divided  salts  to  the  tube, 
and  found  that  the  most  brilliant  pictures  were  given  by  cuprous  chloride. 

The  pictures  show  the  passage  of  waves  sharply  reflected  liackwards  and  forwards 
from  the  ends  of  the  tube,  and  gradually  diminishing  in  intensity  and  velocity. 

*  This  photograph  is  not  descriljed  in  the  text  of  MallAKD  and  Le  Cii.ITELIEr’s  book. 
M.  Le  Chatelier  writes  to  me  that  my  interpretation  of  the  photogra23h  is  correct,  I  did  not  notice 
this  “  rebound”  wave  in  the  photogra^A  until  after  my  experiments  of  189G. 

t  “Feber  Knallgascxplosion,”  ‘  Annalcn  der  Phys.  und  Chemie,’  3-3,  586  (1888). 
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Tliese  visible  waves,  accordiug  to  Oettixgen  and  Gerxet,  are  not  a  picture  of  the 
process  of  combustion  itself,  but  are  compression-waves  moving  through  the  products 
ot  combustion  after  the  explosion  is  completed.  The  explosion  itself,  they  sav,  is 
quite  invisible. 

Fig.  5,  Plate  10.  is  a  repi-oductioii  of  their  picture,  showing  the  waves  produced 
when  the  electrolytic  gas  is  tired  in  the  middle  of  a  eudiometer  400  millims.  long. 

The  image  of  tlie  spark  is  lengthened  into  a  vertical  line  by  retlexion  from  the 
sides  of  the  eudiometer.  Nothing  else  is  visible  on  the  plate  for  some  time  except 
a  thin  wavy  line,  which,  according  to  Oettixgex  and  Gerxet,  is  due  to  the  particles 
of  salt  I'aised  to  incandescence  by  the  spark.  Then  after  the  lapse  of  second  the 
material  in  the  tube  becomes  luminous  and  a  wave  is  seen  starting  from  the  upper 
end  of  the  tube  at  d  and  traversing  the  gases  to  the  lower  end  where  it  is  reflected  at  c, 
and  so  on  backwards  and  forwards,  making  nearly  four  comjjlete  vibrations  before  it 
becomes  non-luminous.  The  photograph  shows  very  beautifully  the  passage  of  these 
compression-waves  through  the  heated  gases,  and  the  way  in  which  the  mass  of  gas 
(carrying  with  it  the  luminous  pai’ticles  from  the  salt)  follows  the  com^oression-waves 
backwards  and  forwards.  But  I  can  see  no  evidence  in  this  photograph  for  the 
conclusion  drawn  by  Oettixgex  and  Gerxet,  viz.,  that  a  true  detonation-w'ave  has 
proceeded  from  the  spark,  and  its  compression-wave  has  traversed  the  tube  several 
times  befoi'e  it  becomes  visible  by  raising  the  salts  to  incandescence.  The  tig.  5a 
(I'epi'oduced  from  their  Memoir)  shows  in  outline  the  course  of  one  of  these 
hypothetical  waves  starting  downwards  from  the  spark  and  being  reflected  at  o,  h, 
c,  and  d  befoi'e  it  becomes  visilile.  According  to  this  view,  the  wave  has  traversed 
the  tube  3^  times  before  it  is  photographed,  and  the  true  chemical  combustion  gives 
no  light. 

In  the  next  photogi'aph  reproduced  (flg.  6)  the  gases  were  tired  at  a  point 
a  quarter  of  its  length  from  the  bottom  of  the  tube.  In  this  case  there  is  a  disjflace- 
ment  of  the  wavy  line  joining  the  spark  to  the  luminous  jiortion,  but  hardly  suflicient 
to  justify  the  conclusion  that  the  visible  wave  proceeding  downwards  fiom  d  is  the 
residue  of  a  detonation- wave  starting  upwards  from  the  spai'k  and  being  reflected  at 
h,  and  again  at  c.  But  this  is  the  interpi'etation  put  upon  the  photograph  by 
Oettixgex  and  Gerxet,  as  is  shown  in  tig.  Ga.  By  constructing  these  invisible  waves 
backwards  from  the  visible  ones,  it  is  possible,  according  to  Oettixgex  and  Gerxet, 
to  arrive  at  the  velocity  of  the  true  detonation -Avave  at  staiting.  In  this  way  they 
calculate  that  the  explosion  travels  from  the  spark  at  a  velocity  of  about  2550  metres 
per  second,  and  criticise  Berthelot’s  statement  that  the  flame  increases  regularly  in 
velocity  from  the  jioint  of  ignition.  I  will  show  in  the  sequel  that  the  interpretation 
put  upon  these  photogi'aphs  by  their  authors  is  erroneous.  The  flame  I'eally  starts 
slovdy,  but  its  rate  of  progress  is  remarkably  aflected  when  it  is  reflected  from  the 
end  of  a  tube.  It  is  quite  true  that  the  flame  of  electrolytic  gas  when  fii'st  ignited 
has  very  slight  luminosity,  but  this  only  holds- during  the  period  of  sIoav  motion.  The 
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temperature  and  luminosity  increase  with  the  velocity ;  the  flames  are  probably  most 
luminous  where  they  are  hottest. 

But  besides  these  j)rimary  waves  there  are  others  to  which  Oettingen  and  Gernet 
call  special  attention ;  these  are  secondary  waves  ”  running  nearly  parallel  to  the 
primary  waves.  The  photogra|)h  given  in  fig.  5  is  referred  to  as  showing  very  clearly 
four  of  these  waves  near  together  running  parallel  to  the  chief  wave,  which  starts 
downwards  from  d.  Other  photographs  show  somewhat  similar  appearances,  fie.,  of 
weaker  waves  running  nearly  parallel  with  and  sometimes  coalescing  with  primary 
waves.  Oettingex  and  Gernet  say  that  they  can  find  no  other  reason  for  these 
waves  following  one  another  at  a  short  interval,  hut  that  successive  explosions  have 
taken  place  from  the  electrodes  exactly  as  Bunsen  imagined.  The  evidence  relied  on 
for  these  successive  explosions,  even  if  we  accept  the  general  interpretation  of  the 
photographs  given  by  the  authors,  appears  to  me  exceedingly  slender.  My  own 
photographs  will  show  how  complicated  the  reflexions  are  when  gases  are  exploded 
in  a  short  tube,  and  how  readily  “  nearly  parallel  waves  ”  are  produced  with  a  single 
ignition  of  the  gases.  In  the  many  photographs  of  the  initial  period  of  the  explosion 
taken  by  me  and  my  fellow-workers  there  is  no  indication  of  any  second  flame  starting 
from  the  region  of  the  spark. 


PABT  II. 

Photographic  Analysis  of  Detonation- Waves  and  their  Pveflexions. 

[In  conjunction  uith  E.  H.  Strange,  B.Sc.,  cmd  E.  Graham,  B,Sc.) 

In  1895  we  were  engaged  on  an  investigation^  into  the  nature  of  the  flame 
produced  by  the  explosion  of  cyanogen  with  oxygen,  when  we  made  the  observation 
which  led  to  the  present  research.  We  found  that  tlie  flame  could  he  sharply 
photographed  on  Eastman’s  films  witliout  tlie  addition  of  any  metallic  salts,  and  that 
the  films  could  be  rotated  very  rapidly  on  a  wheel  without  damage.  In  the  experi¬ 
ments  we  then  made,  a  mixture  of  cyanogen  with  oxygen  was  fired  in  a  long  vertical 
leaden  jiipe  having  a  short  piece  of  glass  tube  let  into  it  to  serve  as  a  window.  This 
window  was  focussed  on  to  tlie  vertically  moving  film.  When  the  explosion  passed 
through  the  glass  tube  an  illuminated  image  of  the  window  was  thrown  on  the 
photographic  film,  and  was  drawn  out  to  a  length  depending  on  the  rate  of  rotation 
of  the  film  and  the  time  during  which  the  gas  in  the  glass  tube  was  photographically 
luminous.  AVe  found  that  cyanogen  with  its  own  volume  of  oxygen  (burning  to 
carbonic  oxide)  gave  a  much  brighter  and  shorter  flame  than  cyanogen  burning  to 
carbonic  acid,  a  result  in  accord  with  the  hypothesis  that  carbon  (in  carbon 

*  “  On  the  Explosion  of  Cyanogen,”  ‘  Jonrn,  Ghem.  Soc.,’  189G. 
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compoiincls)  burns  first  to  cai'bonic  oxide.  In  the  earlier  of  these  experiments  we 
were  j)uzzled  l)y  a  re-diijjlication  of  the  image  which  constantly  ap^^eared  in  the 
photographs,  until  at  last  this  was  found  to  be  due  to  an  unsuspected  constriction  in 
the  lead  pipe,  which  had  sent  back  a  reflected  wave  sufficiently  intense  to  re-illuminate 
the  window.  This  led  us  to  examine  more  precisely  the  detonation-wave  and  its 
reflexions  l)y  means  of  the  rotating  film.  The  camera  and  film  being  arranged  as 
l3efore,  so  that  the  image  was  thrown  on  the  film  as  the  latter  moved  vertically 
downwards,  and  the  explosion-tube  being  fixed  horizontally,  the  photograph  showed 
an  inclined  line  of  light  compounded  of  the  horizontal  movement  of  the  image  of  the 
flame  and  tlie  vertical  movement  of  the  film.  AVhen  the  explosion-tube  was  placed 
at  such  a  distance  from  the  camera  that  the  length  of  the  image  was  that  of 
the  tube,  a  velocity  of  the  flame  of  3000  metres  j^er  second  corresponded  with  a 
horizontal  velocity  of  the  image  of  100  metres  per  second.  When  the  wheel 
was  rotated  twenty-five  times  per  second  this  caused  the  film  to  move  vertically 
at  a  rate  of  25  metres  per  second,  the  circumference  of  the  wheel  being  1  metre. 
The  line  described  bv  the  iniao;e  on  the  film  thus  made  an  ancle  with  the 
horizontal  wliose  tangent  was  ^  (nearly  14°);  or  when  the  wheel -was  rotated  at 
twice  this  velocity  (50  metres  per  second)  the  angle  was  nearly  27°.  For  most 
experiments  a  rate  of  rotation  between  these  limits  was  used,  although  the  wheel 
could  be  rotated  80  to  100  times  per  second."^  On  account  of  the  slip  of  the  catgut 
cord  it  was  not  found  possible  to  determine  the  rate  of  the  wheel  from  the  gear  and 
the  rate  of  the  motor.  The  true  velocity  of  the  wheel  was  determined  by  the  trace 
of  a  tuning-fork,  which  sliowed  that  several  revolutions  were  made  at  a  sensiblv 
uniform  speed,  and  therefore  that  the  speed  of  the  film  might  be  taken  as  rigorouslv 
uniform  during  its  movement  through  the  small  arc  affected  by  the  photograph.  The 
films  were  slowly  developed  in  a  long  trough,  wliicli  was  set  rocking  by  suitable  gear. 
For  tlie  brigliter  photographs  an  hour  was  generally  required  for  proper  development, 
for  the  fainter  images  two  or  three  hours  were  recpiired.  After  fixing  and  washing, 
the  films  were  soaked  in  glycerine  and  water,  which  prevented  them  from  curling  up 
on  drying. 

It  was  found  that  the  detonation-wave  of  all  the  undiluted  mixtures  we  tried  could 
l)e  photographed  on  the  moving  films,  but  the  intensity  of  the  images  varied  very 
considerably.  Cyanogen,  carbon  disidphide,  and  acetylene  fired  with  oxygen  gave 
the  brightest  flames,  hydrogen  with  chlorine  and  carbonic  oxide  with  nitrous  oxide 
gave  the  least  bright  flames.  Thin  strips  of  black  paper  were  fastened  round  the 
explosion-tube  to  give  reference  marks  on  the  photograph.  These  strips  appear  as 
black  vertical  bands  on  the  prints,  and  are  useful  for  measuring  the  angles  made  by 
the  detonation  or  reflected  waves. 

Figs.  7,  8  and  9  (Plate  11)  show  the  detonation- wave  in  a  mixture  of  cyanogen  with 

*  Our  method  of  photogivaphing  on  a  rotating  film  has  given  most  interesting  results  in  I’rofessor  A. 
Schuster’s  research  on  the  constitution  of  the  electric  spark.  See  ‘  Phil.  Trans.,’  A,  vol.  193, 1900,  p.  1S9. 
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two  volumes  of  oxygen  travelling  from  right  to  left  at  the  bottom  of  each 
photograph.  In  fig.  7  the  wave  strikes  the  end  of  the  tube  (a  metal  stopper  being 
used),  and  a  reflected  wave  is  thrown  back.  The  dark  Imnd  was  35  centims.  from  the 
stopper.  Fig.  8  shows  the  reflected  wave  between  35  and  70  centims.  from  the 
closed  end,  and  fig.  9  shows  the  reflected  wave  travelling  between  marks  placed  at 
70  and  105  centims.  from  the  closed  end.  The  film  was  moving  slower  when  fig.  7 
was  photographed  than  in  the  other  two  cases. 

The  jdrotograjDhs  in  figs.  10,  II,  12,  and  13  show  the  reflected  wave  (in  different 
mixtures  of  gases)  travelling  Ijackwards  (from  left  to  right)  between  35  and  70 
centims.  from  the  closed  end.  When  the  end  of  the  tube  is  open  only  a  faint  flame 
is  projected  from  the  tube,  and  no  bright  reflected  wave  is  seen  (fig.  14).  A  cork, 
-  loosely  fitted,  is  sufficient  to  send  back  a  Inight  reflected  wave  (fig.  15).  Even  when 
the  tube  is  fractured  by  the  explosion,  the  detonation-wave  can  be  photographed  and 
an  indistinct  reflected  wave  is  visilde  (fig.  IG). 

The  first  points  noticed  in  the  photographs  were  (l)  the  sharpness  witli  wliicli  the 
luminosity  is  set  up,  and  (2)  the  uniformity  of  the  detonation-wave.  There  is  no 
evidence  of  any  gradual  heating  up  of  the  gases,  l)ut  on  the  contrary  the  temperature 
appears  to  spring  to  its  maximum  with  aljrupt  suddenness.  This  is,  of  co\irse,  in 
accordance  with  the  views  published  by  Berthelot  and  by  myself  as  to  the  character 
of  the  detonation-wave,  which  we  believe  to  l)e  jjropagated  l)y  the  shock  of  the 
molecules  themselves  moving  forward  with  the  velocity  due  to  the  whole  heat  of  the 
chemical  combination.  The  gas  ignited  by  the  detonation-wave  (including  dust  and 
particles  knocked  off  the  tidies)  remains  luminous  for  some  time  after  the  wave  has 
passed.  As  had  been  shown  in  the  ‘‘  window  ”  experiments  (previously  referred  to), 
cyanogen  burning  to  caihonic  acid  left  a  longer  trail  of  liglit  than  Avlien  Vmrut  to 
carbonic  oxide  only,  and  the  most  prolonged  images  were  o])tained  witli  the  two 
mixtures  CoN,j  +  20^  and  CSo  -f  3(4^. 

Many  of  the  photographs  show  very  distinctly  the  movements  of  the  gas  en  masse 
as  it  follows  up  the  detonation-wave,  comes  to  rest,  and  swings  back  again.  Fig.  17 
(taken  in  a  long  tube)  shows  tlie  movements  of  the  gas  undisturhed  l)y  any  reflected 
wave.  These  movements  are  analogous  to  the  forward  and  backward  movements  in 
air  produced  by  a  vibrating  Ijody.  According  to  the  kinetic  theory,  the  mean  motions 
of  the  molecnles  of  a  gas  may  l)e  resolved  in  any  direction  into  equal  and  opposite 
movements.  When  a  compressed  tuning-fork  is  released,  the  forward  movements  of 
the  molecules  in  contact  with  the  piong  have  added  to  them  the  motion  of  the  fork, 
and  by  exchange  of  velocities  this  added  velocity  is  propagated  from  molecule  to 
molecule,  each  molecule  swinging  forward  with  the  increased  velocity  and  returning 
with  its  normal  velocity.  In  a  sound-wave  a  numher  of  these  forwaitl  impulses  is 
imparted  to  the  molecules  as  the  prong  moves  forward,  and  therefore  the  molecules 
move  forward,  causing  a  compression-wave,  and  afterwards,  as  the  prong  moves 
backwards,  the  reverse  effect  is  produced,  and  a  rarefaction  follows  the  compression- 
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wave.  The  curious  stratification  of  the  light-giving  particles  behind  the  detonation- 
wave  (observed  in  many  of  the  photographs)  allows  this  movement  to  be  followed,  and 
indicates  the  length  of  the  excursion  made  by  each  layer  of  gas.^  When  the 
detonation-wave  hits  the  closed  end  of  the  tube  it  is  reflected  back  in  a  distinctly 
marked  luminous-wave.  What  is  most  remarkable  about  this  reflected  wave  is  its 
great  luminosity.  As  the  reflected  wave  starts  back  from  the  end  wall  it  has  at  first 
to  meet  the  gas  moving  bodily  forward  in  the  wake  of  the  detonation-wave.  As  it 
continues  backwards  the  gas  it  meets  has  less  and  less  forward  motion,  and  at  a 
certain  point  (usually  some  400  to  500  millims.  from  tlie  reflecting  end)  the  gas  it 
travels  in  is  stationary.  From  this  point  the  motions  of  the  reflected  wave  and  ot 
tlie  mas  it  travels  in  are  in  the  same  direction.  It  follows  therefore  that  the  velocitv 

O  */ 

of  the  reflected  wave  is  at  first  retarded  and  afterwards  increased  by  the  motion  of 
tlie  medium.  This  is  probably  tbe  reason  why  the  reflected  wave  sometimes  appears 
to  travel  faster  as  it  proceeds  backwards  along  the  tube,  as  in  figs.  10,  11,  and  15,  and 
sometimes  appears  to  travel  at  a  nearly  uniform  velocity,  as  in  figs.  7,8,  and  9,  in  spite 
of  the  cooling  by  radiation  and  conduction  going  on.  The  elfect  of  these  movements  of 
the  gas  appears  again  in  the  j^hotographs  taken  in  repeating  the  experiments  of 
Oettixgen  and  Geenet  (p.  348). 

The  reflexion- waves  can  be  readily  photograpbed  in  the  brighter  explosions  as  far 
l)ack  as  120  centims.  (4  feet)  from  the  reflecting  end,  and  when  the  gases  are  fired  in 
short  tubes,  waves  that  have  been  reflected  from  the  ends  eighteen  to  twenty  times 
can  still  be  pliotographed. 

Three  views  may  l^e  held  in  regard  to  these  reflexion-waves  : — 

(1)  The  combustion  continues  for  a  considerable  time  after  the  detonation- wave 
has  gone  by,  and  the  returning  compression-wave  may  owe  part  of  its  luminosity  to 
increased  chemical  combination  taking  place  in  its  path ; 

(2)  Tlie  combustion  is  practically  completed  in  a  short  time,  and  the  reflected  wave 
travels  in  the  burnt  gases  as  an  intense  compression-wave  of  the  same  nature  as  a 
sound-wave  of  large  amplitude  ; 

(3)  The  reflexion-wave  travels  as  in  (2)  through  the  still  combining  gases  without 
materially  aftecting  the  chemical  changes  proceeding. 

According  to  the  first  view  the  continuation  of  the  combustion  may  be  due  either 
to  dissociation,  which  permits  the  gradual  formation  of  compounds  (e.ff.,  CO^)  only  as 
the  gases  cool  down,  or  to  the  time  retpiired  for  the  natural  completion  of  the  reaction 

*  In  some  of  the  photographs  this  stratification  ajipears  almost  too  regular  to  he  accidental ;  can  it  he 
due  to  vibrations  in  the  gas  causing  the  dust  to  arrange  itself  in  transverse  streaks  along  a  ventral 
segment,  as  the  lycopodium  arranges  itself  in  Kuxdt’s  tul>es  when  the  length  of  the  tube  is  not  an  exact 
multiple  of  the  wave-length  1- 
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owing  to  the  last  uncombined  molecules  being  surrounded  by  the  products  ol 
combustion.  In  either  case  it  is  not  probable  that  the  passage  of  a  compression- wave 
would  greatly  influence  the  chemical  combustion. 

{a)  If  combination  were  limited  by  dissociation,  e.y.,  in  the  explosion  of  cyanogen 
with  twice  its  volume  of  oxygen,  there  miglit  be  in  the  vessel  some  little  time  after 
the  passage  of  the  detonation-wave  a  mixture  of  COo,  CO,  0^,  and  No  at  a  tem¬ 
perature  (let  us  say)  of  3000°  C.  and  a  pressure  of  15  atmospheres.  Let  us  take  as  a 
probable  number  the  figure  calculated  by  Le  Chatelier^  for  the  dissociation  of  COo 
under  the  partial  pressure  of  10  atmospheres  and  3000°  C.  About  one-fifth  of  the 
carbonic  acid  would  be  dissociated.  Now  if  gases  were  comjDressed  adiabatically 
(even  if  we  take  the  molecular  specific  heat  of  COo  as  20  and  the  molecular  specific 
heat  of  the  diatomic  gases  as  7  at  constant  volume  and  3000°  C.),  the  rise  of  tem¬ 
perature  due  to  compression  would  more  than  counteract  the  increase  in  pressure,  and 
the  dissociation  would  tend  to  increase. 

(h)  AVe  have  found  that  the  addition  ot  an  inert  gas  to  the  mixture  of  ecpial 
volumes  of  cyanogen  and  oxygen  prolongs  the  luminosity  of  the  ex})losion.t  As  the 
inert  gas  must  lower  the  temperature,  and  therefore  reduce  the  possible  dissociation, 
this  prolonged  luminosity  must  be  due  to  a  combustion  of  residual  gases  not  caused 
Ijy  dissociation.  But  in  undiluted  mixtures  this  residue  is  small,  as  is  shown  l^y  the 
very  rapid  fall  in  luminosity,  and  therefore  the  action  of  a  pressure-wave  on  this 
residue  can  have  little  chemical  efiect. 

We  are  thus  brought  to  the  conclusion  that  the  reflected  wave  produced  by  the 
collision  of  a  detonation-wave  with  the  end  of  the  tube  is  mainly  a  compression-wave. 

The  velocity  of  the  reflexion-wave  may  be  readily  compared  with  that  of  the 
detonation-wave,  their  relative  velocities  being  as  the  sines  of  the  angles  made  by 
the  two  waves  with  the  horizontal.  These  angles  have  been  measured  by  fixing  the 
films  on  a  glass  plate  (illuminated  from  behind),  and  covering  the  films  with  tracing- 
paper,  on  which  the  lines  could  then  be  traced  and  extended  Ijy  the  ruler.  When 
the  rehexion-wave  was  curved,  a  line  was  drawn  touching  the  curve  as  nearly  as 
possible  at  the  point  where  the  movement  of  the  gas  itself  was  nil.  The  velocity  of 
the  detonation- wave  being  known,  the  velocity  of  the  reflexion-wave  could  readily  be 
calculated.  By  this  means  the  velocities  given  in  the  following  table  were  measui-ed, 
each  velocity  being  the  mean  of  those  oljtained  from  four  to  eight  photographs  : — 


*  ‘  Zeit.  Phys.  Cliem.,’  vol.  2,  p.  782  (1888). 
t  ‘  Joum.  Chein.  Sue.,’  vol.  79,  p.  772. 


328 


PROFESSOR  H.  B.  DIXON  ON  THE  MOVEMENTS 


Table  11. — Velocity  of  Reflexion- Waves  in  Gaseous  Explosions. 


iMixture  of  gases. 

Velocity  of  detonation- 
wave  in  metres  per  second. 

Velocity  of  reflexion- 
wave  in  metres  per  second. 

Ratio  of  velocities. 

2H.,  +  Oo 

2820 

1538 

1-83 

H.,  +  N.>0 

2305 

1383 

1-67 

2CO-t-Oo 

1676 

1078 

1-56 

C-.N.  +  0.. 

2728 

1230 

2  •  22 

CoNo  +  20., 

2321 

1129 

2-06 

2C.,H.,  +  50., 

2391 

1133 

2-11 

Although  the  formula  for  the  velocity  of  sound  in  gases  is  strictly  valid  for  small 
displacements  oidy,  nevertheless  it  ajjpeared  of  interest  to  calculate  from  the  observed 
velocities  of  these  reflexion-waves  what  temperature  they  indicated  in  the  gas  on 
the  assuinjotion  that  they  were  propagated  as  sound-waves.  Of  course,  to  calculate 
tlie  temperature  from  the  velocity  of  sound  it  is  necessary  to  know  the  ratio  of  the 
speciflc  heats  y,  and  since  in  the  case  of  carbonic  acid  and  steam  this  ratio  is  very 
doubtful,  a  corresponding  uncertainty  must  exist  in  the  temperature  calculated.  But 
in  the  case  of  cyanogen  burning  to  carbonic  oxide  the  products  of  combustion, 
carljonic  oxide  and  nitrogen,  are  similar  to  air,  and  their  speciflc  heats  either  do  not 
alter,  or  do  not  alter  greatly  with  rise  of  temperature.  The  velocity  of  sound  in  such 
a  gas  would  therefore  give  an  apjjroximation  to  the  temperature. 

Now  the  velocity  of  the  reflexion- waves  in  cyanogen  exploded  with  its  own  volume 
of  oxygen  is  1230  metres  per  second.  Assuming  y  to  be  unaltered  by  rise  of 
temperature,  and  tlie  velocity  of  sound  in  air  at  0°  C.  to  be  333  metres  per  second, 
the  temperature  of  tlie  gas  where  the  reflexion-wave  was  measured  is  given  by  the 
formula  : 


where  v  is  the  velocity  of  sound,  and  dy  and  d  the  densities  of  the  gas  and  air 
respectively  under  the  same  conditions.  If,  on  the  other  hand,  we  assume  (with 
Le  Chatelier)  that  the  speciflc  heat  at  constant  volume  of  diatomic  gases  rises  with 
tlie  temperature  and  liecomes  7  at  the  temperature  of  this  experiment,  then  the 
ratio  y  falls  to  D2'J,  and  the  formula  becomes  : 


In  the  case  of  cyanogen  exploded  vTth  twice  its  volume  of  oxygen  the  flrst 
reaction  probably  consists  in  the  liurning  of  the  cvanogen  to  carbonic  oxide,  which 
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combines  more  slowly  to  lorm  carbonic  acid.  How  far  this  second  reaction  is 
completed  when  the  reflexion-wave  is  measured  it  is  impossible  to  decide.  On  the 
assumption  that  the  sj^ecific  heat  of  nitrogen  is  constant  and  that  of  COo  is  7 ‘2,  the 
velocity  of  the  wave  in  the  completely  burnt  mixture  would  indicate  a  temperature 
of  4200°  C.  ;  on  the  assumption  that  the  specific  heats  of  COo  and  Nj  are  20  and  7, 
the  temperature  indicated  is  4780°  C.  On  the  other  hand,  if  no  carbonic  acid  had 
yet  been  formed,  the  temjoei'ature  indicated  for  the  mixture  of  diatomic  gases 
(200,  On,  No)  is  2880°  (C„  =  4-8). 

In  a  similar  manner,  the  temperatures  corresponding  to  the  velocity  of  the  reflexion- 
waves  have  been  calculated  for  the  other  mixtures,  (1)  assuming  the  ratio  of  the 
specific  heats  for  a  diatomic  gas  to  be  1'41  and  for  a  triatomic  gas  'i"28,  and 
(2)  assuming  the  ratio  of  the  specific  heats  for  a  diatomic  gas  to  be  1‘29  and  for  a 
triatomic  gas  I'll. 


Table  III. — Temperatures  of  Exploded  Gases,  Calculated  from  the  Velocities  of 


the  Reflexion- Waves. 


Mixture. 

j  f  7  for  diatomic  gases  =  1  ’41. 

\  7  for  triatomic  gases  =  1  •  28. 

II  -f  gases  =  1  •  29. 

\  7  for  triatomic  gases  =  1  •  1 1 

2Ho  +  0., 

°G. 

3720 

°  C. 

48.30 

Ho  +  NoO 

3660 

4130 

2C6  +  Oo 

4530 

5250 

CoN,  +  Go 

3330 

3670 

CoNo  +  20o 

4200 

4780 

2CoHo  +  50o 

3980 

4630 

A  glance  at  this  table  reveals  the  fact  that,  whether  the  specific  heats  vary  or  not, 
but  on  the  assumption  that  combustion  is  complete  in  each  case,  the  explosion  ot 
cyanogen  to  carbonic  oxide  (which  according  to  all  observers  gives  the  l^rightest  flash 
and  the  highest  pressure)  gives  apparently  the  coolest  comljustion  products  a  short 
time  after  the  explosion-wave  has  gone  by.  Now  I  have  found'^''  that  the  velocity  or 
the  reflexion-wave  is  nearly  equal  to  that  of  a  true  sound-wave  of  small  displacement 
travelling  through  the  flame  j^roduced  by  the  explosion  of  cyanogen  burning  to 
carbonic  oxide ;  it  is  not  tlierefore  open  to  us  to  reject  the  temperature  calculated  for 
this  mixture  as  entirely  wide  of  the  truth.  The  natural  inference  to  be  drawn  from 
the  figures  is,  I  tliink,  that  the  combustion  is  not  complete  in  the  other  mixtures  (in 
all  of  which  steam  or  carbonic  acid,  or  both,  are  produced)  at  the  moment  the  reflexion- 
wave  is  measured.  If  we  suppose  that  the  formation  of  carbonic  acid  and  steam  is 
incomplete,  the  densities  of  the  products  are  less  and  y  is  higher,  and  consequently 
the  temperatures  calculated  from  the  velocities  of  the  reflexion-wave  would  be 
lowered.  For  instance,  if  we  assume  in  these  several  experiments  that  the  hydrogen 

*  See  Part  III. 
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is  two-thirds  burnt,  and  the  carbonic  oxide  is  one-third  burnt  at  the  moment  oi 
measurement,  then  the  velocities  of  the  reflexion-waves  correspond  to  the  following 
temperatures  : — 

Table  IV. 


Temperatui’e  calculated  from  j 

Mixture  of  gases. 

Hypothetical  state  of  reaction  when 

velocity  of  reflexion- wave. 

wave  is  measured. 

7  for  diatomic  gases  =  l'41. 

7  for  triatomic  gases  =  1  •  28. 

6H2  +  3O2 

4H2O  +  2H2  +  O2 

°C. 

3010 

6H.^  +  6N2O 

4H  oO  +  2H9  +  O2  +  6^  2 

3290 

6C6  +  3O2 

2CO2+4C0+200 

3070 

C2N2  +  O2 

2C0+N0 

3330 

6C2N0  + 1 2O2 

4COo  +  8CO  +  46.>  +  6N. 

.3220 

6C2H2  +  I0O2 

4CO2  +  SCO  +  4HoO  +  2H2  +  50, 

2850 

It  will  be  observed  that  the  teinj^eratures  calculated  as  above,  in  Tables  III.  and  IV., 
are  of  the  same  order  as  those  calculated  by  Bunsen  as  the  maximum  temperatures 
of  the  explosion.  But  the  photographs  plainly  show  that  they  do  not  represent  the 
temperatures  reached  in  the  detonation-wave  itself.  These  calculated  temperatures 
correspond  to  a  period  of  the  explosion  subsequent  to  the  jDassage  of  the  v-ave — the 
period  during  whicli  Bebthelot  and  Le  Chateliee  measured  the  “  effective  ” 
pressures  produced.  The  photographs  therefore  confirm  Le  Chatelier’s  statement 
that  the  “effective’"  pressures  measured  in  the  French  experiments  are  not  the 
maximum  pressures  produced  in  the  explosion."^ 


PABT  III. 

Velocity  of  a  Sound-Wave  in  the  Flame  of  Exploded  Gases. 

{In  conjunction  with  Pt.  H.  Jones,  B.Sc.,  and  J.  Bo  wee,  B.Sc.) 

The  interest  attaching  to  the  determination  (even  approximately)  of  the  tempera¬ 
tures  produced  in  the  explosion  of  gases  led  us  to  attempt  the  measurement  of  the 
rate  of  a  true  sound-wave  (of  small  displacement)  in  the  gases  produced  by  the 
detonation-wave. 

In  our  first  experiments  the  glass  explosion  tube  A  (fig.  18),  was  fitted  to  a  steel 
piece,  B,  containing  a  tap  of  large  bore  and  a  small  bye-tap,  and  connected  by  a  pipe 

Some  of  our  photographs  showing  the  reHexion-waves  were  exhibited  before  the  Chemical  Section  of 
the  British  Association  at  Liverpool  in  1896,  ‘  B.A.  Report,’  1896,  p.  746, 
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to  a  steel  bomb,  C,  in  which  a  small  charge  of  fnlmiiiate  could  be  fired.  The  bomb 
and  connecting  pij^e  were  filled  with  air,  while  A  was  filled  with  a  mixture  of 
cyanogen  with  two  volumes  of  oxygen.  The  fulminate  in  its  copper  case,  f,  was 


Inserted  through  a  rubber  stopper  in  the  end  of  the  steel  tube,  cl,  which  was  screwed 
into  the  bomb.  A  and  cl  were  connected  with  tubes  fitted  with  firing  wires,  so  that 
an  explosion  could  be  set  up  simultaneously  in  the  cyanogen  mixture  in  A  and  the 
electrolytic  gas  in  cl,  the  connecting  tap  being  turned  on  immediately  l)efore  the 
explosion.  The  lengths  of  the  tube  were  so  adjusted  that  the  sound-wave  started  in, 
the  bomb  by  the  detonation  of  the  fulminate  should  be  propagated  through  the  air 
and  cyanogen  mixture  so  as  to  meet  the  detonation-wave  coming  in  the  contrary 
direction  before  the  latter  reached  the  end  of  the  tube  A.  The  detonation-wave  was 
then  photographed  as  it  met  the  sound-wave. 

In  fig.  19  (Plate  12)  the  detonation -wave  is  seen  advancing  from  riglit  to  left.  The 
sound-wave  strikes  it  jiear  the  centre  of  its  path  across  the  field  of  view,  and  the 
progress  of  the  sound-wave  is  made  visible  as  it  traverses  the  Iieated  gases  from  left 
to  right.  After  meeting  the  sound-wave,  the  detonation  proceeds  some  distance  at 
full  speed,  and  then  its  velocity  slackens — as  it  meets  the  rush  of  air  driven  on  to  it 
from  the  detonation  in  the  bomb.  A  second  sound-wave,  an  echo  of  the  first 
reflected  from  the  ends  of  the  bomb,  next  traverses  the  heated  gas ;  and  higher  up 
the  passage  of  a  third  sound-wave  is  registered  on  the  photograph.  The  first  sound¬ 
wave  is  no  doubt  retarded  by  the  movement  of  the  gas  in  the  opposite  direction,  but 
the  second  wave  appears  to  travel  in  almost  stationary  gas,  while  the  third  is  only 
slightly  retarded.  The  rates  of  these  sound-waves  have  been  measured,  and  the 
corresponding  temperatures  calculated.  These  values  are  given  in  Table  V.,  on  the 
assumption  that  the  combustion  was  complete. 


Table  V. 


Number. 

Velocity  of  sound-waves  in 
exploded  mixture  C2N2  +  2O2. 

Calculated  temperatures. 
y  for  diatomic  gases  =  1  Ml. 
y  for  triatomic  gases  =  1  •  28. 

1st 

1116  metres  per  second 

“  C. 

4100 

2nd 

1014  „  „  „ 

3330 

3rd 

893  ,,  ,,  ,, 

2530 

2  u  2 
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It  will  be  seen  that  the  temperature  calculated  for  the  first  sound-wave  (4100°)  is 
in  close  accordance  with  that  calculated  from  the  reflexion-wave  in  the  same  mixture 
(4200°)  given  in  Table  III. 

The  experiment  was  next  varied  hy  the  introduction  of  a  thin  iron  membrane 
between  the  air  and  the  ex2)losive  mixture.  The  shock  transmitted  through  the  air 
from  the  fulminate  struck  the  flexible  jflate,  and  so  jU'ojiagated  a  wave  of  small 
displacement  through  the  explosive  mixture.  This  wave  had  verv  little  effect  on  the 
movements  of  the  gas  in  the  wake  of  the  detonation-wave,  but  its  j^assage  through 
the  luminous  gas  was  jDlainly  marked.  The  gases  were  ignited  as  before,  the  lengths 
of  the  tubes  being  so  adjusted  that  the  first  sound-wave  met  the  detonation-wave 
about  1  metre  from  the  membrane.  Several  of  these  sound-waves  (produced  by  echo 
in  the  bomb)  are  seen  in  fig.  20  traversing  tbe  flame  jn’oduced  Ipv  the  exjflosion  of 
cyanogen  with  its  own  volume  of  oxygen  ;  these  sound-waves  apparently  increase  in 
velocity  owing  to  the  movements  of  the  gas  througli  which  they  pass. 

It  is  not  so  easy  to  measure  the  angles  of  tliese  faintly-marked  sound-waves,  but 
three  johotographs  have  given  as  the  mean  of  several  independent  measurements 
made  on  each  iDhotograph  the  velocity  of  the  sound-wave  in  the  stationary  gas  as 
1250  metres  jDer  second.  This  velocity  corres^Donds  to  a  temj)erature  of  3460° 
(y  =  1‘41) ;  a  number  in  very  fair  agreement  with  that  calculated  from  the  reflexion- 
waves,  viz.,  3330°  (Table  III.).  This  agreement  indicates  that  the  reflexion- waves 
really  travel  with  a  velocity  apjDroximately  ecpial  to  that  of  sound. 

Similar  sound-waves  are  shown  in  fig.  21,  where  the  mixture  was  C'S^  20^. 

Some  other  exiDeriments  were  also  made  in  which  a  compression-wave  was  made  to 
follow  closely  behind  a  detonation- wave,  both  moving  in  the  same  direction. 

A  leaden  tube  had  a  by-pass  inserted  so  that  the  explosion  travelled  both  along 
the  straight  piece  a  c  and  along  the  curved  jjiece  a  h  c.  When  the  flame  travelling 
hy  the  straight  road  reached  the  second  opening  of  the  by-2:)ass  a,  it  joenetrated  this 
o^Dening  and  came  into  collision  with  the  exiflosion  travelling  by  the  longer  road. 
The  reflected  wave  so  jDroduced  followed  the  main  detoiiation-wave  into  the  glass 
tube  (I,  where  the  two  were  23hotograjDhed  al)out  1  metre  from  the  jjoint  c.  The 
reflected  wave  is  assisted  by  the  forward  movement  of  the  gas,  and  consequently  its 
apparent  velocity  is  much  greater  than  the  sound-waves  or  reflexion- waves  measured 
in  stationary  gas. 


Fig.  22.  Apparatus  to  make  a  sottnd-wave  follov  a  detoiiation-Avave. 


In  fig.  23,  which  shows  the  two  waves  iit  the  ex^^losion  ot  cyanogen  with  two 
volumes  of  oxygen,  the  comi^ression-wave  is  seen  running  alongside  the  detonation- 
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wave  and  inclined  at  a  small  angle  to  it.  The  velocity  of  the  detonation-wave  being 
2320,  the  mean  velocity  of  the  following  compression-wave  is  given  by  measurements 
of  three  photographs  as  1635.  The  difference  between  this  number  and  the  velocity 
of  the  compression -wave  measured  in  stationary  gas  (a  difference  of  500  metres  per 
second)  is  due  to  the  movements,  and  probably  also  to  the  higher  temperature  of  the 
o'us  in  tlie  immediate  wake  of  the  detonation-wave. 


PART  lY. 

Ox  THE  CoLTjsiox  OF  Two  Detoxatiox-Waves  axd  the  Effect  of  Juxctioxs 

IX  THE  Tubes. 

[In  conjunction  with  R.  H.  Joxes  and  J.  Bower.) 

In  1897  we  began  the  investigation  (by  means  of  the  moving  film)  of  the 
phenomena  marking  the  collision  of  two  explosion-waves  meeting  end-on  in  a  glass 
tube.  To  make  the  two  flames  meet  in  the  field  of  the  camera,  the  glass  firing  piece 
A  (fig.  24)  was  fastened  to  a  lead  pipe  bifurcating  at  B  into  two  arms  of  equal  length, 
which  were  bent  round  at  their  extremities  and  opened  out  to  hold  the  two  ends  of 
the  glpss  tube.  The  junctions  at  C  and  D  were  made  gas-tight  by  slipping  pieces  of 
rubber  tubing  ovei‘  the  ends  of  the  glass  tulie  and  pushing  them  into  the  leaden  caps. 
By  shutting  the  tap  B"^^  and  opening  E,  the  whole  apparatus  could  lie  filled  tlirough  A 
witli  the  explosive  mixture ;  tlien  the  taps  at  A  and  E  were  shut  and  B  was  opened. 
On  passing  the  spark  the  flame  followed  the  two  arms  of  the  tube,  and  the  two 
detonation-waves  generated  met  in  the  centre  of  the  glass  tube  C,  D. 


We  were  greatly  puzzled  by  tlie  photographs  obtained  with  this  apparatus.  The 
first  few  experiments  showed  tlie  rebound  waves  (after  the  collision)  to  be  much 
lirighter  and  to  be  travelling  (backwards)  much  faster  than  the  two  detonation-waves 
themselves  before  the  collision.  Other  pliotographs  showed  that  the  two  flames  were 

~  The  bore  of  the  tap  B  was  the  same  size  as  the  lead  tube ;  it  is  shown  in  fig.  18. 
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not  always  symmetrical.  Fig.  25  (Plate  12)  shows  the  two  flames  meeting  symmetri¬ 
cally,  and  giving  rebound  waves  faster  and  brighter  than  the  original  waves  before 
collision. 

Fig.  26  shows  the  flame  coming  from  the  right  hand  to  be  much  brighter  and 
travelling  much  faster  than  that  from  the  left  hand  (although  the  collision  occurs 
only  a  little  to  the  left  of  the  centre  of  the  tube).  Fig.  27  shows  these  phenomena 
reversed.  On  rej^eating  the  experiments  it  was  found  that  the  faster  flame  had 
usually  been  affected  by  some  impulses  causing  a  sudden  increase  in  its  brightness 
and  velocity,  and  also  j^roducing  a  backward  wave  (analogous  to  a  reflected  wave). 
Sometimes  the  impulses  were  exhibited  by  the  left-hand  flame,  as  in  figs.  28  and  29 
(Plate  13);  sometimes  by  the  right-hand  flame,  as  in  figs.  30  and  31.  In  some 
experiments  a  single  impulse  only  is  observed,  as  in  figs.  29  and  31  ;  in  others  several 
such  impulses  can  be  traced,  as  in  fig.  30.  Figs.  32  and  33  show  both  flames  affected 
by  these  impulses  ;  in  fig.  32  symmetrically,  in  fig.  33  unsymmetrically. 

The  explanation  of  these  apj^earances  that  first  occurred  to  us  was  that  the  flame 
was  preceded  bv  invisible  sound-waves,  travelling  more  quickly  than  the  flame  in  its 
initial  phases ;  that  these  sound-waves  became  visfl3le  as  soon  as  they  met  the  flame 
moving  towards  them  in  the  opposite  direction  (as  in  our  previous  experiments  on 
sound-waves),  and  that,  on  the  other  hand,  the  visible  flame  meeting  the  sound-wave 
was  affected  by  the  sudden  increase  of  pressure,  and  continued  its  journey  with 
greater  speed  and  luminosity.  This  explanation  was  at  once  destroyed  when  Tre 
found  similar  impulses  in  a  flame  which  was  sent  through  the  apparatus  in  one 
direction  only  (the  tap  B  being  closed),  as  is  shown  in  fig.  34. 

It  next  occurred  to  us  that  these  impulses  might  be  due  to  the  explosion  catcliing 
up  its  own  sound-waves.  If  sound-waves  are  propagated  through  the  gas  from  the 
j)oint  of  ignition,  the  flame  might  lag  behind  the  sound-waves  at  first  and  catch  them 
after  a  run  more  or  less  prolonged.  The  sound-waves  when  overtaken  might  cause 
reflected  sound-waves  (made  visible  in  tlie  luminous  gases),  and  the  explosion  itself 
might  become  more  intense  owing  to  the  collision."^  Many  experiments  were  under¬ 
taken  to  verify  or  disprove  this  hypothesis,  but  it  will  not  be  necessary  to  reproduce 
the  large  number  of  photographs  we  took  in  the  course  of  this  investigtition.  ATe 
found  that  no  addition  to  the  length  of  the  lead  pqoe  between  the  firing  point  and  the 
bifurcation,  and  no  addition  to  the  length  of  the  two  arms  affected  the  result.  Finally, 
it  was  found  that  the  explosion  was  affected  as  it  passed  through  the  junctions  between 
the  lead  and  the  glass,  and  the  impulses  recorded  in  our  j^hotographs  were  due  to  the 
detonation- wave,  damped  down  at  the  junction,  being  regenerated  by  fits  and  starts. 
One  of  the  photographs  showing  this  most  plainly  is  reproduced  in  fig.  35.  This  was 
obtained  in  the  following  way : — Three  straight  glass  tubes  were  fixed  horizontally 
one  above  another  and  were  joined  together  by  curved  lead  tubes,  into  which  the 

*  Le  Chatelier  has  published  a  similar  hypothesis  to  explain  the  apparent  break  in  the  curve  -Nvhere 
the  detonation  is  started ;  see  p.  347. 
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glass  was  packed  gas-tight  by  indiariibber,  as  in  fig.  36.  The  gases  were  ignited  by 
the  spark  at  a,  and  the  flame  travelled  towards  h.  Fig.  35  shows  the  result  of  firing 
equal  volumes  of  cyanogen  and  oxygen  in  this  apparatus.  The  photograph  does 
not  show  the  spark  or  first  part  of  the  flame. 

The  flame,  starting  from  the  right-hand  lower 
corner,  is  seen  to  become  more  luminous,  and  to 
move  faster  as  it  approaches  the  middle  of  the 
tube.  The  detonation-wave  is  then  set  up,  its 
initiation  being  marked  by  a  luminous-wave 
thrown  backwards  from  the  point  where  the 
detonation  begins.  To  the  end  of  the  first  glass  tube  the  detonation-wave  then 
travels  with  uniform  speed  and  luminosity.  On  emerging  from  the  lead  bend  into 
the  second  glass  tube  the  flame  is  seen  to  be  less  luminous,  but  in  a  short  period 
detonation  is  again  set  up,  with  the  accompaniment  of  the  backward  thrust,  and  with 
the  formation  of  a  dark  patch  of  gas,  which  is  also  characteristic.  On  passing  the 
second  lead  bend  the  luminosity  and  speed  are  again  reduced,  and  the  detonation- 
wave  is  not  again  determined  until  the  flame  has  traversed  half  the  third  glass  tube. 
It  was  now  evident  that  what  liad  happened  in  our  “  collision”  photographs  was  this 
damping  down  of  the  detonation-wave  as  it  passed  througli  the  lead  bend  and  entered 
the  glass  tube.  It  was,  however,  difficult  to  imagine  that  the  curvature  of  the  tube 
had  affected  the  rate,  for  Berthelot  had  determined  the  rate  of  explosion  of  electro¬ 
lytic  gas  in  a  leaden  pipe  with  many  sharp  bends,  and  I  had  found  the  same  velocity 
in  a  straight  pipe  and  in  one  coiled  I'ound  a  small  drum.  An  experiment  made  Avith 
a  glass  tube  bent  to  the  same  curvature  showed  no  retardation  (fig.  37).  Berthelot 
had  also  found  the  velocity  of  explosion  unaltered  in  a  rubber  tube  Avith  many  bends ; 
and  when  we  proceeded  to  substitute  a  stout  rubber  tube  for  a  lead  bend  (fig.  38, 
Plate  14),  we  found  the  AvaAm  traversed  it  Avithout  retardation.  Therefore  it  was  also 
equally  hard  to  imagine  that  the  use  of  a  rubber  tube  to  make  a  gas-tight  joint 
betAveen  the  glass  and  the  lead  could  affect  the  explosion,  and  yet  this  turned  out  to 
be  the  origin  of  the  disturbance. 

We  had  connecting-pieces  made  of  different  metals  and  of  varying  curves  and 
angles,  but  after  many  trials  Ave  found  that  the  ordy  thing  Avhich  mattered  Avas  the 
rigidity  Avith  Avhich  the  glass  and  metal  AA^ere  connected  together.  Any  packing 
(such  as  rubber)  Avhich  gave  to  a  shock  caused  a  reta.rdation ;  Avhen  the  glass  AA^as 
firmly  cemented  to  the  metal  no  retardation  occurred.  Fig.  39  shoAvs  the  explosion 
passing  through  two  glass  tubes  rigidly  connected  to  a  copper  junction,  which  Avas 
equally  without  retarding  action  whether  curved  or  bent  at  a  sharp  angle.  This 
retardation  was  not  confined  to  cuiumd  junctions.  When  a  straight  piece  of  lead 
pipe  was  fastened  by  rubber  to  two  glass  tubes,  the  wave  of  detonation  was  damped 
down  on  traA'ersing  the  junction ;  Avhen  the  metal  AA^as  cemented  to  the  glass  no 
retardation  occurred. 
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The  knowledge  gained  iroin  these  experiments  with  junctions  made  it  now  possible 
to  investigate  the  phenomena  of  collisions,  but  the  experiments  had  also  showm  that 
it  wmuld  be  of  interest  to  explore  photographically  the  region  of  the  exj^losion  prior 
to  the  initiation  of  the  detonation-wave. 

When  two  detonation-^vaves  come  into  collision,  the  tube  remains  brightly  luminous 
at  the  j)oint  of  contact  for  some  time,"'^  and  two  reflected  waves  are  sent  backwards 
with  velocities  w'hich  increase  at  first,  owing  to  the  movement  of  the  gas  through 
which  they  are  propagated. 

The  photoglyphs  of  two  detonation-waves  meeting  in  collision  are  shown  in  figs.  40 
and  41,  the  explosive  mixture  being  cyanogen  with  two  volumes  of  oxygen,  and  in 
fig.  42  (Plate  14),  the  mixture  being  two  volumes  of  hydrogen  with  one  volume 
of  oxvgen. 

A  comparison  of  all  the  photographs  show's  that  the  gases  are  more  luminous  after 
a  collision  than  wdien  the  explosion-w’'ave  strikes  a  flat  surface  of  metal  fastened  at 
the  end  of  the  tube.  The  reflected  waves  in  the  twm  cases  are  similar  in  character, 
but  the  reflexion  generated  by  collision  wdth  another  detonation-wave  seems  ahvays 
to  ti'avel  slightly  fastei'.  If  w'e  w'ere  dealing  only  with  waves  produced  mechanically, 
the  reflected  w'aves  w'ould  be  exact  copies  of  the  incident-w'aves  with  velocities 
reversed  in  both  cases.  But  in  the  detonation-wave  we  have  chemical  as  w'ell  as 
mechanical  action,  wBile  the  reflected  wave  is  mainly  mechanical.  We  should  expect 
therefore  the  reflected  waves  to  travel  more  slowdy  than  the  incident -w'aves,  but  Ave 
should  also  expect  the  reflected  Avaves  to  traA'el  Avith  the  same  A'elocity  whether  they 
Avere  produced  by  collision  Avith  a  rigid  diaphragm  or  AAnth  a  similar  and  equal  AA'ave 
traA'elling  in  the  opposite  direction,  unless  there  Avas  some  chemical  difference  invoh'ed 
in  the  two  kinds  of  collisions.  Noav  in  the  hypothesisf  I  haA'e  advanced  for  the  mode 
of  propagation  of  the  detonation-AAmve  I  have  assumed  that  the  exj)losion  is 
propagated  not  only  by  the  forAAmrd  moA^ements  of  the  molecules  produced  by  the 
chemical  change,  but  also  partly  by  the  moA'ement  of  the  yet  unburnt  molecules. 
For  instance,  in  the  explosion  of  hydrogen  and  chlorine,  molecules  of  hydrogen 
chloride  just  formed  in  the  AvaA^e-front  may  inoA'e  forAA-ard  until  they  come  into 
collision  Avith  molecules  of  unburnt  hA'drogen  or  molecules  of  unburnt  chlorine.  These 
molecules  (by  exchange)  noAv  moA'e  forAA'ard  Avith  increased  A'elocity,  and  in  turn  meet 
molecules  of  the  opposite  kind,  Avith  AA'hich  they  combine.  The  combination  therefore 
does  not  pioceed  betAveen  cold  molecules  entirely,  nor  betAveen  heated  molecules 
entirely,  l)ut  mainly  betAveen  molecules  half  of  AA'hich  are  at  the  ordinary  temperature 
and  half  are  heated  by  collision  Avith  the  products  of  combustion.  If  this  roughly 
represents  the  state  of  the  AAmA'e-front,  there  Avould  be  a  chemical  difference  betAA'een 
the  collision  Avith  a  diaphragm  and  Avith  another  explosion-AA’av’e.  For  in  the  latter  case 

*  General  Hess,  of  the  Austrian  artillery,  has  photographed  a  luminous  band  at  the  point  of  collision 
of  the  tAA'o  compression-AAmves  produced  by  exploding  tAvo  cartridges  suspended  in  the  air  a  short  distance 
apart.  See  ‘  Bulletin  Soc.  de  ITndustrie  Minerale,’  Saint  Etienne,  1900,  a'oI.  14,  3,  p.  116. 

t  ‘  Phil.  Trans.,’  A,  vol.  184,  p.  131  (1893). 


OF  THE  FLAME  IN  THE  EXPLOSION  OF  GASES. 


3.37 


the  iinburnt  molecules  would  meet,  at  the  moment  of  impact,  the  unburnt  molecules 
travelling  with  an  equal  velocity  in  the  opposite  direction,  and  chemical  combination 
would  ensue  between  molecules  l)oth  of  which  were  highly  heated  before  they  met. 

The  difficulty  of  obtaiiiing  an  exact  measure  of  the  velocity  of  the  waves  reflected 
after  collision  is  very  considerable.  With  all  the  care  we  could  exert,  we  found  it 
impossible  to  obtain  concordant  readings  for  the  angles  made  by  the  collision-waves 
with  the  horizontal,  but  we  believe  that  the  difference  between  the  rate  of  collision- 
waves  and  waves  reflected  from  the  end  of  the  tube  is  sufflcieiitly  large  to  be  fairly 
evident  from  a  number  of  observations.  For  instance,  six  experiments  with  cyanogen 
and  two  volumes  of  oxygen  gave  as  the  ratio  of  the  velocity  of  the  detonation-wave  (D) 
to  the  collision- wave  (C)  : — 

1-581 


sine  of  angle  of  C 
sine  of  angle  of  D 


1-40 
1-38 
1-19 
1-44 
. 1-47  J 


Mean  . 


1-41, 


whereas  measurements  of  the  reflexion- wave  with  the  same  mixture  gave  : — 


sine  of  angle  of  R 
sine  of  angle  of  D 


[2-111 
I  2-03  I 
2-32  I>  Mean 
2-11 
.1-97 


2-11. 


In  a  similar  manner,  measurements  made  on  the  relative  rates  of  the  collision-wave 
and  the  reflexion- wave  in  the  mixture  of  cyanogen  with  one  volume  of  oxygen, 
gave  : — 

sine  of  angle  of  C  sine  of  angle  of  R 

sine  of  angle  of  D  sine  of  angle  of  D 


1-91 

1- 79 

2- 13 
1-98 


2  -  22 
2-15 
2-33 


2-08 
2  -  22 


Mean  .  .  1-95 


Mean  .  .  2-20 


In  this  case  the  numbers  are  too  near  for  us  to  draw  any  certain  conclusion,  but  in 
the  first  case  it  is  difficult  to  suppose  that  the  difference  of  50  per  cent,  can  be 
entirely  experimental  error.  This  inequality  is  an  argument  in  favour  of  tlie  view 
that  there  is  a  difference  between  a  collision  with  a  wall  and  with  an  approaching 
wave,  but  I  would  not  lay  stress  on  it  to  support  my  hypothesis  of  detonation. 

Our  photographs  have  shown  tliat  the  wave  of  detonation  has  certain  character¬ 
istics  by  which  it  may  be  readily  i-ecognised  : — 
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(1)  It  starts  suddenly,  tlirowing  back  a  strongly  luminous  wave  through  the 

burning  gases  and  leaving  a  dark  space  Avhere  it  started  ; 

(2)  It  travels  with  constant  velocity,  unless  it  traverses  a  junction  not  rigidl}" 

attached  ;  after  being  damped  down  by  such  an  obstacle,  it  recoups  itself 
and  again  starts  with  abruptness  ; 

(3)  On  collision  with  a  similar  detonation-wave  moving  in  the  opposite  direction, 

or  with  a  rigid  diaphragm,  it  sends  back  a  reflected  wave  not  so  rapid  as 
itself,  and  as  a  rule  not  so  luminous. 

In  tlie  case  of  the  more  luminous  explosions,  e.y.,  those  of  cyanogen,  acetylene,  and 
carbon  disulphide  mixtures,  the  reflected  waves  were  less  luminous  than  the 
detonation-wave  ;  but  in  the  case  of  the  less  luminous  explosions,  e.g.,  those  of 
Iiydrogen  and  carbonic  oxide,  which  depend  largely  for  their  light  on  the  particles 
detached  from  the  tubes,  the  waves  reflected  from  a  collision  were  sometimes  more 
luminous  than  the  detonation-waves  themselves,  for  instance  in  fig.  42. 

Witli  regard  to  the  pressures  produced  in  the  detonation-wave,  our  experiments 
have  repeatedly  shown  that  glass  tubes  more  readily  fracture  at  the  point  of  collision 
of  two  detonation-waves  than  when  the  detonation-wave  traverses  the  tube  in  one 
direction  onl^n"^  A  tube  has  stood  half-a-dozen  passages  of  the  detonation-wave  in 
one  direction,  and  has  been  shattered  by  the  first  collision.  A  closed  tube  breaks 
most  frecpiently  at  the  end  furthest  from  the  firing  point.  Again,  the  point  at  which 
the  detonation-wave  is  set-uj)  (and  at  which  the  corresponding  “  retonation-wave  ”  is 
driven  backwards)  is  frerpiently  found  to  be  the  place  where  the  tube  is  broken.  Of 
course  with  a  weak  tube  tins  would  mean  nothing  but  that  the  tube  would  be 
fractured  by  the  detonation,  as  it  would  naturally  break  at  the  point  where  the 
fracturing  force  was  first  applied.  But  we  have  found  that  strong  tubes  have 
withstood  the  passage  of  the  detonation-wave  which  was  already  determined  before 
entering  tlie  tube,  and  have  been  fractured  when  the  detonation-wave  was  started  in 
the  tul)e  itself  Again,  the  tube  has  bioken  at  the  point  where  the  detonation  began, 
and  has  for  the  rest  of  its  length  withstood  the  passage  of  the  detonation  (as  shown 
photographically),  t 

In  189i  I  Avas  unable  to  show  this  experimentally  (‘ Manch.  IMeinoirs,’  lY.,  S,  p.  ISO).  In  the 
experiments  then  made  the  flame  was  not  photographed,  and  it  is  possible  that  the  explosions  were 
damped  down  at  the  junctions. 

t  Messrs.  Jones  and  Bower  have  made  many  attempts  to  obtain  quantitative  measurements  of  the 
pressures  produced  in  the  detonation  of  gaseous  mixtures  by  the  method  of  fracture  of  glass  tubes,  but 
the  results  cannot  be  regarded  as  certain.  They  found  for  the  detonation  of  the  mixture  CoXo-l-Oo  a 
pressure  between  58  and  75  ats.,  Avhile  Dr.  Cain  and  1  found  for  the  same  detonation  a  pressure  between 
60  and  140  ats.  For  the  mixture  CbXo  +  Oo  +  SXo,  Messrs.  JoNES  and  Boaver  found  the  pressure  betAveen 
74  and  9.3  ats.,  AA'hile  Ih’.  Cain  and  I  found  it  betAveen  63  and  84  ats.  Cf.  ‘Manch.  Memoirs,’  1894 
lY.,  8,  p.  174,  and  1898,  Xo.  7. 
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PAET  V. 

On  the  Initiation  of  the  Detonation- W ave  and  on  the  Wave  of 

“  Retonation.” 

[In  conjunction  with  II.  H.  Jones  and  J.  Bower.) 

Several  of  the  photographs  previously  described  have  illustrated  the  abrupt  spring 
with  which  the  detonation-wave  is  started.  Sometimes,  apparently,  one  such  abrupt 
change  alone  occurs,  marking  the  place  where  the  gradual  acceleration  of  the 
explosion  changes ;  ou  other  photographs  one  or  more  abrupt  changes  occur  in  the 
acceleration  before  the  final  spring  which  marks  the  detonation -wave.  Figs.  29,  30, 
and  33  show  one  or  more  such  sudden  changes  in  the  curve  always  accompanied  liy  a 
luminous  wave  thrown  back  through  the  ignited  gases. 

The'  strongly  luminous  wave  thrown  back  from  the  point  where  the  detonation  is 
started  I  propose  [nominis  egestate)  to  call  the  retonation-ivavc.  This  wave  has  not 
the  same  constant  characteristics  that  mark  the  detonation,  but  when  generated 
under  certain  conditions  it  resembles  detonation  most  closely.  Fig.  43  (Plate  14) 
shows  a  wave  of  retonation  travelling  parallel  with  and  therefore  at  the  same  velocity 
as  the  collision-wave.  Fig.  44  shows  a  retonation- wave  travelling  more  quickly  than 
the  wave  reflected  from  the  end  of  the  tube.  A  study  of  a  number  of  photogi’aplis 
leads  to  the  conclusion  that  the  retonation  is  faster  and  more  luminous  when  no  other 
bright  waves  have  been  tlirown  back  by  the  advancing  flame  before  the  point  of 
detonation  is  reached. 

In  considering  the  cause  of  the  intensity  of  the  retonation-wave  we  must  remember 
the  facts  illustrated  in  many  of  our  photographs  on  collisions.  The  collision  of  two 
flames,  in  which  detonation  had  not  yet  lieen  determined,  gave  rise  to  reflected  waves 
more  rapid  and  more  luminous  than  the  incident  waves.  Fig.  25  shows  this  for  both. 
Now  these  reflected  waves  could  not  owe  their  increased  velocity  to  the  mechanical 
impact,  which  could  only  result  in  the  reflected  waves  being  copies  of  the  incident 
waves.  It  is  evident  then  that  chemical  action  must  occur  to  assist  these  reflected 
waves,  and  therefore  the  combustion  is  obviously  not  complete  when  these  waves 
return.  From  this  it  would  appear  probable  that  the  period  before  the  detonation  is 
distinguished  not  only  by  a  slower  propagation  of  the  flame,  i.e.,  of  ignition,  but  also 
by  a  slower  process  of  combustion.  In  the  initial  period  the  molecules  of  the  gas 
might  meet  many  times  l)efore  chemical  reaction  occurred;  in  the  detonation-wave 
the  molecules  miglit  ]je  so  intensely  agitated  that  most  collisions  between  chemically 
opposite  molecules  would  result  in  chemical  change. 

At  the  point  of  detonation  the  rise  of  pressure  must  be  exceedingly  rapid  owing  to 
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the  increase  of  chemical  action,  and  this  pressure  would  produce  not  only  the  forward 
wave  of  detonation,  hut  also  a  sudden  backward  wave  of  comjDression  into  the  gases 
still  slowly  ljurning  behind  it.  This  compression -wave  must  raise  the  temperature  of 
the  ignited  gases  and  so  cpiicken  the  residual  burning ;  its  propagation  would  then  be 
analogous  to  that  of  the  detonation-wave,  but  modified  by  the  extent  to  which  the 
slow  comljustion  has  proceeded.  I  believe  this  view  accounts  for  the  facts  described 
and  also  for  the  phenomena  observed  in  the  initial  period  of  the  explosion  (see 
Part  VI.). 

Tlie  retonatlon-wave  attains  its  greatest  rapidity  and  brightness  when  it  is 
developed  at  the  closed  end  of  a  tube,  i.e.,  when  the  gas  is  fired  at  such  a  distance 
from  the  closed  end  that  the  explosion,  gradually  increasing  in  intensity,  just  reaches 
tlie  detonation  point  as  it  arrives  at  the  stopper.  Under  such  conditions  the  reflected 
wave  is  superposed  on  the  wave  of  retonation,  and  the  result  is  a  wave  which  cannot 
be  distinguished  from  a  true  detonation.  Fig’.  45  shows  the  retonation-wave 
developed  at  the  closed  end  of  the  tube  in  the  mixture  CnH^-l-20o. 

Fig.  46  shows  the  formation,  propagation,  and  collision  of  two  retonation-waves 
produced  hy  firing  the  gases  in  the  middle  of  a  long  tube.  The  picture  shows  the 
two  flames  travelling  from  the  spark  to  the  light  and  the  left,  and  the  two  points  of 
detonation  at  either  edge  of  the  film.  The  two  retonation-waves  return  symmetri¬ 
cally  to  the  centre  and  tliere  come  into  collision,  producing  reflected  waves.  If  we 
compare  this  photograph  with  fig.  47  or  with  fig.  48,  we  see  the  effect  of  the 
retonation-waves  starting  from  the  two  ends  of  the  tube.  If  the  point  of  detonation 
occurs  just  before  tlie  end  of  the  tulie  is  reached,  the  reflected  wave  runs  back  nearly 
parallel  witli  tlie  retonation-wave,  as  is  shown  in  fig.  49. 

In  order  to  make  a  direct  comparison  of  the  velocity  of  the  retonation-wave 
starting  from  the  end  of  the  tube  with  the  detonation- wave,  two  tubes  were  fixed 
jiarallel  one  above  another,  and  were  filled  with  the  same  gases.  One  tube  was 
connected  with  a  long  leaden  pi^ie,  in  which  the  explosion  was  started,  so  that  the 
detonation-wave  alone  traversed  the  glass  tube  ;  the  second  glass  tulie  was  fitted 
with  firing  wires  at  one  extremity,  so  that  the  initial  phase  of  explosion  up  to  the 
detonation  point  sliould  just  occupy  its  length.  The  t'sro  flames  were  then  jihoto- 
graplied  simultaneously  on  the  moving  film. 

Fig.  50  shows  the  detonation-wave  in  tlie  mixture  (  moving  Irom  right 

to  left  in  the  lower  tube,  and  jirst  aliove  the  point  where  it  meets  the  closed  end  ot 
its  tube  the  beginning  of  the  explosion  in  the  second  tube  can  be  seen.  The  second 
flame  travels  .slowly  from  left  to  riglit,  striking  the  end  of  the  tube  at  the  detonation 
point.  Its  intense  retonation-wave,  i-eturning  from  right  to  left,  travels  in  a  line 
parallel  with  the  detonation  in  the  first  tuhe,  fie.,  their  velocities  are  ajiparently 
ecpial.  The  same  tiling  is  shown  in  fig.  51,  where  the  mixture  used  was  CS,,  -fi  60^. 
In  the  lower  portion  of  the  picture  the  flame  is  .seen  travelling  slowly  from  left  to 
right  in  the  first  tube  ;  it  ciusses  the  image  of  the  detonation-wave,  which  is  travelling 
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from  right  to  left  in  the  second  tube,  and  sends  back  a  wave  of  retonation  when  it 
reaches  the  end  of  the  tube.  The  retonation  and  detonation-waves  are  apparently 
jDarallel. 

As  regards  the  dark  space  formed  at  the  point  where  the  detonation  and  retona- 
tion-waves  originate,  it  is  no  doubt  a  space  of  cooler  gas.  It  persists  for  some  time, 
and  its  damping  effect  on  the  passage  of  the  collision- wave  can  be  observed  in  seveial 
of  the  ^photographs.  In  fig.  31  tliis  effect  is  evident  just  before  the  collision-wave 
cuts  the  black  reference  line  on  the  right  of  the  picture. 

In  1898,  a  few  of  our  photographs  showing  the  point  of  detonation  and  the  collision 
and  reflexion  of  waves  in  explosion  were  published  in  the  ‘Manchester  Memoirs.’ 
Attention  was  drawn  to  the  wave  of  retonation  and  the  dark  space.  It  was  pointed 
out  that  the  detonation  “  was  represented  by  the  straight  and  inteiisely-luminous 
line  as  distinct  from  the  curved  and  less  luminous  line  of  the  recouping  period.” 

“  Further,  a  new  and  very  luminous  wave  is  observed  starting  from  the  point  of 
re-determination  of  the  explosive-wave  proper,  and  travelling  in  the  opposite  direction 
with  a  speed  almost,  if  not  quite,  equal  to  that  of  the  explosive- wave  itself.” 

In  June,  1900,  Le  Chatelier  published'^  an  account  of  liis  photographs  of  the 
development  and  propagation  of  the  detonation-wave  '(taken  on  a  moving  plate) 
Without  knowing  of  our  work,  he  observed  and  recorded  the  “  wave  of  retonation  ”  ami 
the  “  dark  space”  formed  in  the  explosion  of  acetylene  with  oxygen,  and  the  waves 
reflected  from  the  end  of  the  tube  and  at  the  point  of  collision  of  two  waves  : — 


“  1.  An  moment  du  developpement  spontane  de  londe  explosive  une  onde  condensee 
retrograde  est  toujours  lancee  en  arriere  dans  les  gaz  deja  brides  ; 

“  2.  L’arret  complet  ou  partiel  de  I’onde  explosive  centre  I’extremite  fermee  (on 
dans  une  region  etranglee)  d’un  tube  lance  en  arriere  une  onde  condensee  rejiechie ; 

“  3.  All  point  de  rencontre  d’ondes  explosives  alluniees  simultanement  en  difterentes 
parties  d’une  masse  gazeuse,  leur  extinction  simultanee  donne  naissance  a  des  ondes 
condensees  qui  progressent  dans  la  meme  direction  que  les  ondes  explosives 

auxquelles  elles  succedent.” 


For  the  velocities  of  these  waves  in  the  mixture  -f-  Go  Le  Chatelier  gives 

the  following  values  : — 


M  ave. 

Pates,  metres  per  second. 

L’onde  explosive  (detonation-wave) . 

29901 

L’onde  retrograde  (retonation-wave) . 

2300 

L’onde  refiechie  (reflexion-wave) . 

2250 

L’onde  prolongee  (collision-wave) . 

2050 

*  ‘Comptes  Kendus,’  vol.  130,  p.  1755. 

t  I  found  the  rate  of  detonation  in  the  mixture  CjIL  +  Og  to  be  29G1  metres  per  second,  by  measurements 
in  a  long  tube  (‘Phil.  Trans.,’  1893,  A,  p.  161),  a  rate  in  close  agreement  with  Le  Chatelier’s  number. 
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Wliile  our  observations  and  those  ot  Le  Ch atelier  are  mainly  in  accord,  vre 
difter  from  him  in  his  conclusion  that  the  wave  of  retonation  (I’onde  retrograde)  is 
propagated  in  the  hurnt  gas ;  we  believe  it  is  propagated  in  the  still  hurning  gas. 
With  regard  to  the  effect  of  collisions  between  two  detonation-waves,  Le  Chateliee 
appears  to  consider  the  act  of  crossing  of  one  wave  by  another  to  be  sufficient  to 
damp  down  their  velocity  ;  we,  on  the  other  hand,  regarding  the  “prolonged  wave” 
of  the  one  as  the  reflected  wave  of  the  other  (which  is  a  mere  verbal  distinction), 
and  attribute  the  retardation  of  the  reflected  wave  to  its  altered  chamcter  and  to  the 
movement  of  the  gas  which  meets  it. 


PAET  VI. 

(4n  the  Initial  Phases  of  the  Explosion. 

.  {In  conjunction  with  P.  H.  Jones  and  J.  Bower.) 

The  interest  attaching  to  the  development  of  the  explosion,  as  well  as  a  desire  to 
investigate  the  anomalies  shown  by  some  of  our  pictures,  led  us  to  attempt  to 
photograph  the  flame  from  the  beginiiiug. 

In  fig.  28  (Plate  13),  the  initial  flame,  starting  from  the  left-hand  lower  corner  of 
the  photograph,  is  overtaken  by  a  faster-moving  flame.  Fig.  39  (Plate  14)  shows  a 
similar  phenomenon  in  the  right-hand  corner.  On  photographing  in  a  straight  glass 
tube  the  region  of  exjJosion  prior  to  tlie  detonation,  we  found  (fig.  52,  Plate  16)  the 
initial  flame  was  overtaken  by  a  bright  and  weU-marked  faster  flame,  and,  at  their 
point  of  meeting,  a  reflected  wave  was  driven  back,  and  the  advancing  flame  of 
explosion  became  faster  and  more  luminous.  What  is  the  origin  of  this  faster  wave 
which  overtakes  the  advancino;  flame  ? 

A  mixture  of  C3mnogen  with  twice  its  Amhune  of  oxvgen  was  found  to  give  a 
sufficiently  luminous  flame  from  its  start  to  be  photographed  on  the  moving  film,  but 
mixtures  of  carbon  disidphide  Avith  oxygen  gaAm  still  better  images.  Fig.  53 
(Plate  16)  Avith  the  cyanogen  mixture,  and  fig.  54  Avith  the  carbon  disulphide  mixture, 
shoAved  that  the  bright  Avave  which  overtook  the  initial  flame  came  from  the  end  of 
the  tube  near  the  firing  wires.  The  wires  in  the  tube  used  Avere  sealed  through  the 
glass  3  inches  from  one  end,  and  the  glass  had  been  so  much  distorted  at  the  point  of 
sealing  that  a  dark  band  aars  shoAAm  on  the  photograph  Avhere  the  Avires  were 
inserted. 

Another  tube  Avas  prepared  with  firing  Avires  inserted  4  inches  from  one  end ;  the 
slight  distortion  at  the  AAures  acted  like  a  convex  lens  and  increased  the  light  at  this 
point.  Fig.  55  shows  the  development  of  the  explosion  Avith  CSo  fl- 5O2 ;  fig.  56 
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with  C.iN,  +  O.^,  and  hg.  57  with  +  2O3.  In  all  cases  the  flame  begins  to  travel 
right  and  left  from  the  wires  with  equal  velocity  in  both  directions.  In  fig.  5G  tlie 
flame  develops  the  retonation-wave  at  the  near  end  of  the  tube  (on  the  left)  as  is 
shown  by  the  intense-wave  running  nearly  parallel  to  the  detonation,  which  is  started 
at  about  the  same  distance  on  the  other  side  of  the  firing  point.  In  the  less  rapid 
explosions  it  is  seen  that  the  flame  does  not  travel  direct  to  the  near  end  of  the  tube, 
but  while  still  a  short  distance  from  it  recedes  and  again  approaches  with  an 
oscillatory  motion  which  is  repeated  before  the  flame  Anally  reaches  the  end  of  the 
tube.  From  the  point  where  the  flame  is  first  checked,  a  luminous  wave  is  seen 
(in  flg.  55)  running  hack  and  overtaking  the  main  flame,  which  at  this  point  acquires 
greater  brightness  and  velocity.  How  does  this  new  “  return- wave  ”  arise  ? 

Now,  when  an  explosive  mixture  in  a  tube  is  fired  by  a  sj)ark,  the  suddenly  ignited 
gases  must  expand  and  transmit  a  compression-wave  in  both  directions.  This 
travels  with  the  velocity  of  sound  in  the  unburnt  gas,  and  will  be  reflected  from  the 
end  of  the  tube.  The  propagation  of  the  flame  from  the  firing  point  is  in  most 
gaseous  mixtures  less  rapid  than  the  velocity  of  sound  in  the  unburnt  gas,  but  the 
rate  of  propagation  of  the  flame  augments  much  more  rapidly  in  some  mixtures  than 
in  others.  If  the  tube  is  a  long  one  the  flame  will  overtake  the  sound-wave  after  a 
more  or  less  prolonged  chase,  according  to  the  nature  of  the  mixture.  But  if  the 
tube  is  short,  the  sound-wave  may  reach  the  end  of  the  tube  and  return  as  a 
reflected-wave  to  meet  the  flame  which  is  still  advancing.  This  seems  to  be  the 
orig-in  of  the  “  return-wave.” 

o 

Fig.  57a  gives  in  outline  the  movements  of  the  flame  in  Ag.  57.  The  flame,  starting 
at  A,  moves  to  the  left,  tracing  the  curve  A  to  C.  At  C  the  detonation  is  set  up, 
and  the  retonation-wave  C  D  is  thrown  back.  Now  the  velocity  of  sound  in  the 
unburnt  mixture  C3N0  +  SOg  is  about  312  metres  per  second.  If  a  sound-wave  of 
this  velocity  had  started  towards  the  left-hand  from  A  at  the  same  time  as  the 
flame,  it  would  have  been  overtaken  by  the  flame  at  the  point  B ;  but  the  sound¬ 
wave  starting  to  the  right-hand  would  reach  the  end  of  the  tube  at  E  and  been 
reflected  to  G  before  meeting  the  flame.  On  constructing  the  figure  from  the 
approximately-known  velocities  of  the  film  and  the  flame,  the  point  G  is  seen  to  be 
the  spot  where  the  movement  of  the  flame  is  retarded  and  the  “  return ’’-wave  is 
visible — within  the  limits  of  experimental  error. 

The  photograph  58  permits  this  point  to  be  determined  with  considerable  accuracy. 
The  gases  CgNg  +  O2  were  fired  close*  to  one  end  of  a  tube  8  inches  long 
(205  millims.).  In  a  second  tube,  parallel  wdth  the  first,  the  detonation-wave  in  the 
same  mixture  was  set  up  and  the  two  explosions  photographed  together.  The 
detonation  is  showm  at  the  top  of  the  picture.  Fig.  58a  gives  an  outline  of  the 
explosion  of  the  first  tube.  Starting  at  A,  the  flame  moves  to  the  left,  but  is  checked 


*  The  spark  was  passed  between  wires  which  just  penetrated  the  stopper. 
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at  C,  where  a  “  return ’’-wave  is  propagated  hackwards.  The  return- wave  is  reflected 
at  E  and  meets  the  flame  (which  has  slightly  receded)  at  D.  The  flame  then 
advances  rapidly  to  the  end  of  the  tube  and  sends  back  a  retonation-wave  from  G. 
Now  in  this  mixture  a  sound-wave  travels  about  300  metres  per  second.  If  a  sound¬ 
wave  started  from  A  at  the  same  time  as  the  flame,  it  would  reach  the  end  of  the 
tube  at  B  and  be  reflected  before  meeting  the  advancing  flame.  On  constructing  the 
figure  this  reflected  sound-wave  was  found  to  hit  the  point  C. 

In  another  experiment  the  mixture  C..No  +  Oo  was  fired  at  one  end  of  a  tube 
8^  inches  lo:ig  (215  millims.).  No  slackening  of  the  flame  was  found,  and  no  return- 
waves  are  visible.  A  very  intense  retonation-wave  was  throwii  back  from  the  end  of 
the  tube.  On  setting  out  the  sound-wave  from  the  firing  j^oint  we  find  that  the 
sound  is  overtaken  before  it  reaches  the  end  of  the  tube  (fig.  59.) 

In  fig.  60  we  see  the  effect  of  firing  the  mixture  CoNg  +  Og  4  inches  from  one  end 
of  a  tube  13  inches  long.  Fig.  60a  shows  the  outline  of  the  visible  waves  and  the 
path  of  the  two  sound-waves.  The  sound  starting  from  A  reaches  the  near  end  of 
the  tube  just  before  the  flame ;  its  reflexion  coalesces  with  the  intense  retonation- 
wave.  The  sound-wave  marching  to  the  left  is  overtaken  about  5^  inches  from  the 
spark.  In  fig.  61  the  same  mixture  is  fired  in  the  centre  of  a  tube  8  inches  long.  It 
confirms  the  result  obtained  in  fig.  60  ;  two  intense  retonation-waves  are  started 
simultaneously  at  either  end.  From  these  experiments  we  should  infer  that,  if  this 
mixture  were  fired  at  a  point  less  than  4  inches  from  the  end,  the  flame  would  be 
checked  and  return-waves  would  become  visible.  Fig.  62  shows  this  mixture  fii’ed  in 
the  centre  of  a  tube  6  inches  long.  The  flame  is  checked  symmetrically  and  the 
sound-waves  produced  cross  and  recross  with  great  intricacy. 

With  the  less  rapid  mixture  CgNg  -f-  20g  some  experiments  were  made  by  firing 
the  gas  at  the  extreme  end  of  the  tube.  A  sound-wave  starting  at  the  firing  point 
and  travelling  at  the  rate  of  312  metres  per  second  would  be  overtaken  by  the  flame 
just  before  reaching  the  end  of  the  tube,  which  was  12  inches  long  (fig.  63).  On  the 
other  hand,  when  the  tube  was  shorter  the  flame  is  checked  by  the  returning  sound¬ 
wave,  which  becomes  visible  as  it  traverses  the  incandescent  gases  (fig.  64).  When 
the  same  mixture  was  fired  in  the  centre  of  a  tube  12  inches  long,  the  sound-waves 
reach  the  two  ends  first,  and  produce  symmetrical  reflexions  (fig.  65). 

These  measurements  afford,  I  think,  conclusive  evidence  that  compression-waves 
advance  in  front  of  the  flame  at  the  beginning  of  the  explosion.  AVhen  the  mixture 
is  fired  the  gases,  as  they  ignite,  expand  and  send  a  series  of  pulses  through  the 
unhurnt  gas,  driving  the  molecules  at  every  pulse  bodily  forward,  and  so  increasing 
the  pressure  in  the  column  of  gas  ahead.  A¥hen  the  firing  point  is  near  the  end 
of  the  tube,  the  head  of  this  compression-wave  returns  and  meets  the  advancing 
flame,  and,  of  course,  is  propagated  with  increased  velocity  through  the  ignited  gases. 
The  return  of  the  compression-wave,  of  course,  checks  and  may  reverse  the  bodily 
forward  movement  of  the  molecules  in  the  flame,  and  thus  oscillations  are  set  up. 
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Many  of  tlie  photogTajjhs  show  what  appears  to  he  a  definite  inferior  limit  to  the 
riaine  in  its  initial  phase,  e.g.,  figs.  46,  59,  63,  and  64,  as  if  the  tlanie  died  out 
promj)tly.  We  attempted  to  explore  the  dark  region  left  inside  the  fiame  Ijy  passing 
sparks  through  it.  But  no  effect  whatever  was  j^roduced  in  the  photographs — doubt¬ 
less  because  the  gases  were  still  burning.  Indeed,  most  of  the  j^hotographs  show  that 
the  i-egion  is  only  comparatively  dark. 

I  would  draw  attention  to  the  fact  that  when  no  sound-v'aves  interfere  vfith  the 
flame,  the  retonation-wave  is  very  brilliant ;  when  the  flame  is  crossed  several  times 
by  reflected  waves,  the  light  is  more  evenly  distributed.  Nos.  63  and  64,  taken  under 
the  same  conditions,  illustrate  this  fact.  The  phenomenon  is  explained  on  the 
assumjjtion  that  in  the  region  traversed  by  the  flame  the  gases  are  still  hurniug,  and 
the  sound-waves,  when  thev  enter  this  reoion,  brino’  about  an  increase  in  the  rate  of 
combination.  They  are,  therefore,  of  the  same  nature  as,  but  differ  in  degree  from, 
the  wave  of  retouation.  The  more  intense  the  compression-wave,  the  more  rapid  the 
combustion  in  its  path,  and  the  more  rapid  tlie  cooling  in  its  wake. 

The  “  kick-off  ”  which  the  explosion  gets  when  the  gases  are  fired  near  one  end  of 
a  tube  considerably  modifies  the  initial  progress  of  the  flame,  especially  when  this  is 
comparatively  slow  :  compare  fig.  66  where  the  spark  is  passed  at  the  end  of  the 
tube,  with  fig.  67,  where  the  spark  is  passed  4  inches  from  the  end  of  a  siinilar  tube. 
For  this  reason  the  exj)eriments  made  on  the  time  required  in  different  gases  to 
develop  the  detonation  shov^ed  anomalies  which  only  disappeared  on  firing  the  gases 
by  means  of  vfires  which  just  penetrated  through  the  stopper  at  the  end  of  the  tube. 
The  mean  distance  in  which  the  detonation  is  developed  in  different  gases  is  shown  in 
the  following  table,  according  to  the  position  of  the  spark  : — 


Tablp:  VI. — Distance  from  the  spark  at  which  Detonation  is  set  up. 


Mixture. 

Spark  at  end. 

Spark  3  iuche.s  from  end.  ' 

■Ilh  +  0., 

4  feet 

12  inches 

2H.  +  0, 

— 

4  feet  i 

GHi  -1-  0) 

— 

16  i 

C.Xo  +  0.> 

81  inclieti 

4  inches 

C.X., -1-260 

12‘  „ 

10  „  1 

2C0H0+3O0 

D  „ 

01 

C0H4  +  2O0 

9  „ 

0  „ 

The  mixtures  most  affected  by  the  position  of  tlie  spark  among  those  experimented 
with  are  those  of  hydrogen  and  oxygen.  The  considerable  “run”  required  before 
the  detonation  is  set  up  when  electrolytic  gas  is  diluted,  confirms  my  previous 
experiments  on  the  rate  of  explosion  of  these  mixtures. 

The  facts  established  above  concerning  the  initial  phases  account  for  the  great 
difference  observed  in  the  apjiearance  of  an  explosion  produced  bv  a  spark  in  tlie 
VOL.  CC. — A. 


Y 


34(3 


rEOFESSOE  II.  B.  DIXOX  OX  THE  MOVEMEXTS 


centre  of  a  tube.  If  the  flame  overtakes  the  sound-wave  before  it  reaches  the  ends 
of  the  tube,  as  in  fig.  61,  the  explosion  exhibits  intense  retonation-waves  followed  bv 
i-apid  cooling ;  but  when  the  sound-waves  are  first  reflected  from  the  ends  of  the 
tube,  as  in  fig.  65,  the  explosion  shows  less  intense  waves  and  a  longer  illumination.''^ 
Tliese  differences  in  the  mode  of  burning  must  affect  the  maximum  temperatures  and 
pressures  produced  in  an  explosion. 

Gases  Fired  at  Open  End  of  Tube. 

We  have  made  a  few  experiments  on  the  appearances  presented  when  gaseous 
mixtures  are  fired  at  or  ]iear  the  open  end  of  the  tube. 

As  is  well  known,  from  Le  Chatelier’s  researches  on  the  vibratory  period,  a 
juixture  of  carbon  disulphide  and  nitric  oxide  gives  oscillations  of  large  amplitude. 
We  show  one  photograph  of  the  explosion  of  the  mixture  OS.,  -j-  8NO  fired  at  the 
open  end  of  a  tube  5  feet  long  and  1  inch  bore.  Only  the  last  foot  of  the  tube  is 
shown  in  fig.  68. 

The  effect  of  firing  the  mixture  CoN^  -f-  0,,  3  inches  from  an  open  end  is  the  same 
as  that  of  firing  it  at  the  closed  end.  Fig.  69  shows  the  detonation  set  up  in  about 
8  inches,  and  of  course  no  rebound  from  the  open  end.  The  mixture  2CoHo  +  30,, 
lighted  at  the  open  end  produced  the  detonation  in  4^  inches ;  lighted  by  a  spark 
3  inches  from  the  ojjen  end,  it  set  up  the  detonation  in  2^  inches  from  the  spark. 


PART  Vll. 

Further  Experiments  on  the  Initial  Phases. 

[In  conjunction  with  B.  DxiwsoN,  B.Sc.,  and  L.  Bradshaw,  B.Sc.) 

].  Le  Chatelier’s  Hypothesis  of  Discontinuity  in  the  Explosion. 

]\Iany  of  the  photographs  previously  referred  to  show  a  peculiai'ity  at  the  point 
where  a  less  luminous  line  is  succeeded  abruptly  by  a  more  luminous  one.  The  lines 
]diotographed  do  not  appear  continuous,  but  the  moi'e  luminous  line  appears  to  start 
from  a  point  not  yet  reached  by  the  less  luminous  one.  Figs.  28  to  31  (Plate  13) 
illustrate  this  discontinuity.  The  point  of  collision  also  of  two  waves  appears  to 
pi'oject  in  front  of  the  waves  which  are  meeting.  Figs.  29  to  31  illustrate  such  a 
collision.  It  appeared  to  me  at  first  as  if  these  appearances  might  lie  due  to  invisible 
waves  advanciiip’  in  fi'ont  of  tlie  visible  ones,  but  as  I  found  that  thev  oidv  showed 

*  The  very  interesting  jhiotograplis,  obtained  l.)y  Mr.  Petavel,  of  tlie  movements  of  a  piston  connected 
vith  a  chamber  in  vhich  gases  under  high  in'essure  are  exploded,  sliow  vibrations  w  Inch  may  be  due  to 
reilexiou-waves. 
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where  the  luminosity  of  the  lines  was  in  marked  contrast,  and  disappeared  entirely 
when  the  films  were  less  sensitive,  or  the  contrast  of  luminosity  was  diminished  for 
other  reasons,  as  in  figs.  40  and  41  and  many  other  photographs  (which  are  not 
reproduced),  I  came  to  the  conclusion  that  the  effect  was  due  to  halation  on  the 
photograph,  the  brighter  lines  being  enlarged. 

But  in  1900  Le  Ciiatelier,  relying  on  the  same  kind  of  evidence,  put  forward  the 
view  that  the  wave  of  detonation  starts  in  front  of  the  variable  wave  (which  is 
increasing  in  velocity),  and  originates  in  an  invisible  wave,  which  is  proceeding  in 
front  of  the  visible  wave  and  with  a  velocity  ecpial  to  it.  He  says  ; — 

“  II  n’y  a,  dans  aucun  cas,  continuite  entre  la  periode  variable  et  I’onde  explosive. 
Celle-ci  jorend  naissance  a  une  certaine  distance  en  avant  de  la  flamme  a  vitesse 
variable,  a  O'Oo  metre  dans  le  melange  C^Hj+Oo.  Ce  fait  est  accuse  par  un  ressaut 
de  la  courbe  photographique  enregistree ;  .  .  .  .  Dans  cette  periode  variable,  la 
flamme  est  precedee  d’une  onde  compiimee  qui  marche  devant  elle  avec  une  vitesse 
egale,  comme  le  font  a  la  surface  de  I’ecran  les  ondulations  qui  precedent  la  prone 
d’un  navire.  Une  fois  fonde  exjfiosive  developpee,  les  deux  phenomenes  se  super- 
posent,  c’est-a-dire  que  le  front  de  I’onde  comprimee  coincide  avec  la  tranche  gazeuse 
en  combustion,  an  lieu  de  la  preceder.” 

This  defiiiite  judgment  of  the  brilliant  French  experimenter  compelled  us  to 
re-examine  the  question.  We  attempted  at  first  to  decide  the  matter  by  photo¬ 
graphing  an  explosion  as  it  passed  from  a  less  luminous  mixture  into  a  more  luminous 
one  ;  but  we  could  not  succeed  in  making  the  transition  sufficiently  sudden.  However 
quick  we  were  in  pushing  a  short  column  of  C3N3  +  O3  into  one  end  of  a  tube  filled 
with  2H3  -j-  Oo,  and  firing  the  latter,  the  gases  had  diffused  enough  to  prevent  any 
abrupt  change  in  the  brightness  of  the  explosion.  We  did,  however,  succeed  in 
obtaining  sudden  changes  of  brightness  by  introducing  a  layer  of  “  Welsbach”  salts 
(a  mixture  of  thoria  and  ceria),  and  liaving  the  rest  of  the  tube  quite  clean.  Although 
to  raise  the  salt  from  the  glass  and  to  render  it  incandescent  must  take  some  time, 
nevertheless  the  photograph  shows  a  small  iDut  distinct  break  in  tlie  line  of  detonation 
similar  to  that  in  question.  Figs.  70  and  71  sliow  the  j^assage  of  tlie  wave  of 
detonation  in  electrolytic  gas  througli  such  a  “salted”  tube.  If  the  salts  could  ])e 
raised  instantaneously,  it  is  possible  that  the  break  would  be  as  well-marked  as  any 
observed  in  the  development  of  the  detonation. 

It  is  of  course  easy  to  show  the  enlargement  due  to  brightness.  If  a  tube  is  filled 
with  a  mixture  giving  a  luminous  explosion,  and  the  explosion  is  photographed  while 
half  the  tube  is  covered  over,  and  if  the  tube  is  then  filled  with  a  mixture  giving  a 
less  luminous  explosion,  which  is  photographed  on  the  same  film  while  the  first  half  of 
the  tube  is  covered,  a  photograph  is  obtained  (fig.  72)  which  shows  a  greater  dis¬ 
continuity  than  any  of  those  in  question. 

Another  way  of  showing  the  same  thing  is  to  photograph  a  thin  platinum  wire 

2  y  2 
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stretched  Ijy  weights  and  rendered  Inminons  hy  an  electric  current.  If  a  second  wire 
is  l)rought  to  touch  the  first  so  as  to  divide  the  current,  the  portion  of  the  wire  which 
carries  the  whole  current  is  more  luminous  than  the  other  portion,  and  the  photo¬ 
graphs  make  it  appear  of  far  greater  diameter.  Fig.  73  is  a  j)hotograph  taken  in 
this  way,  with  the  same  camera  and  films  as  were  employed  for  the  explosions.  If 
the  effect  in  tire  explosions  is  due  to  halation,  we  ought  never  to  see  the  bright  line 
displaced  so  much  as  not  to  overlap  the  duller  line  on  hoth  sides.  Xone  of  our 
photographs  show  such  a  displacement,  the  effect  might  therefore  he  caused  by 
halation  alone. 

We  may  thus  summarise  the  evidence  against  the  existence  of  Le  Chateliee’s 
“  inrusible  wave  ”  : — 

1.  Its  supposed  effect  is  onl}^  seen  when  the  contrasts  are  strong,  and  not  on 
photographs  of  the  same  phenomena  in  which  the  contrasts  are  not  brought  out. 

2.  It  can  he  imitated  in  various  ways  by  means  of  contrasts. 

3.  The  same  effect  is  seen  in  the  collision  of  two  detonation-waves,  but  Le  Chateliee' 
does  not  suppose  that  the  “  invisible  wave  ”  can  precede  the  detonation. 


2.  Repetition  of  x.  (dEXTiXGEX  and  v.  Geexet's  Experiments. 

The  very  short  time  required  for  the  explosion  in  electrolytic  gas  to  raise  the 
Welshach  oxides  to  incandescence  (as  shown  in  figs.  70  and  71)  was  strong  evidence 
against  the  view  held  by  v.  Oettixgex  and  v.  Geexet,  viz.  :  that  the  detonation  of 
electrolytic  gas  is  invisible,  and  that  the  salts  jDresent  in  their  experiments  only 
became  luminous  after  the  combustion  had  been  for  some  time  complete.  Our 
previous  experiments  had  also  shown  conclusively  that  the  detonation  is  not  set  up 
at  once,  but  only  after  the  flame  has  run  some  distance,  which  varies  with  the  nature 
of  the  mixture  and  the  position  of  the  spark.  But  to  place  the  matter  beyond 
all  doubt  we  have  repeated  their  experiments,  using  a  tube  of  the  same  size  and 
construction  as  theirs,  filled  with  electrolytic  gas,  but  without  the  addition  of  any 
salts.  By  careful  development,  the  course  of  the  fiame  can  be  seen  on  the  negatives 
from  the  firing  wire.  In  all  cases  the  explosion  begins  slowly,  and  has  slight 
luminosity  until  the  retonatioir-waves  are  started  hy  reflexion  from  the  ends  of  the 
tidae. 

In  fig.  74  the  explosion  was  started  in  the  centre  of  the  tube  (400  millims.  long). 
Just  as  in  v.  Oettix’GEx’s  “  fig.  8  ”  (our  fig.  5,  Plate  10),  a  line  of  light  joins  the  spark  to 
the  more  luminous  portion  of  the  explosion  ;  but  instead  of  a  detonation-wave  travelling 
three  and  a  half  times  the  length  of  the  tube  before  the  first  visible  compression-wave 
descends  from  the  top  of  the  tube  (as  in  tlieir  explanation),  the  flame  is  seen  to  travel 
slowlv  right  and  left  until  it  meets  with  the  return  sound-wave  from  the  end  of  the 
tube.  The  flame  is  checked  while  these  two  sound-waves  cross  the  ignited  ga.ses, 
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and  then  moves  on  rapidly  from  the  point  where  the  reflected  sound-wave  reaches 
the  front  of  the  flame.  The  movement  on  each  side  is  now  seen  to  he  nnsymmetrical ; 
the  flame  to  the  left  does  not  reach  its  end  of  the  tube  before  it  is  again  checked, 
that  to  the  right  reaches  the  end  of  the  tube  and  sends  back  a  powerful  retonation- 
wave.  The  consecpience  of  this  dissymmetry  is  the  greater  intensity  and  rapidity  of 
the  wave  started  from  the  right  over  that  from  the  left.  Although  the  reflexions  of 
these  waves  at  first  run  nearly  parallel,  yet  after  four  journeys  to  and  fro  the 
stronger  wave  catches  the  weaker  and  coalesces  with  it,  and  the  rest  of  the  picture 
shows  only  repeated  reflexions  of  a  single  wave.  A  similar  coalescence  of  two  waves 
is  shown  in  flg.  7  of  v.  Oettixgen  and  v.  Gernet,  and  this  figure  closely  resemlfles 
a  portion  of  our  photograph.  It  is  tlius  evident  how  “  secondary  ”  waves  running 
parallel  with  the  “  primary  ”  are  produced  ;  there  is  no  need  to  invoke  any  “  successive 
partial  explosions  ”  to  account  for  them. 

Fig.  74  shows  in  outline  the  path  of  the  flame  and  the  sound-waves,  wliich  may 
he  compared  with  tiie  “  schema  ”  of  fig.  8,  according  to  v.  Oettixgen  and  v.  Gerxet. 

In  fig.  75  tlie  gas  was  also  fired  in  tlie  middle,  Init  the  explosion  is  more 
symmetrical,  and  “nearly  parallel”  waves  can  1)e  seen  to  he  produced  l)y  reflexion 
from  both  ends  of  the  tul^e. 

Our  next  photograph  (7f))  shows  the  eftect  of  firing  the  gas  near  one  end  of  the 
tul)e.  The  flame  proceeds  with  increasing  velocity  to  the  findher  end,  where  a  strong- 
wave  is  sent  hack ;  this  single  wave  shows  less  complications  than  tlie  doulde  wave 
started  in  74. 

In  77  the  gases  are  fired  at  one-fourtli  the  lengtli  from  one  end.  Very  complicated 
reflexions  are  produced,  which  only  gradually  become  absorbed.  In  tliis  photograph 
the  mode  of  formation  of  “  nearly  parallel  waves”  can  easily  he  traced. 

In  fig.  78  is  seen  the  effect  of  lighting  the  explosive  mixture  at  one  end,  and  at  a 
point  one-quarter  from  the  further  extremity  simultaneously.  The  effect  of  tlie 
sound-wave  proceeding  from  each  jioint  of  ignition  is  plainly  seen  when  it  reaches  the 
other  flame.  The  reflected-wAves,  visible  in  the  burning  gases,  cross  the  unignited 
mixture,  and  again  become  visible  in  the  flames  beyond.  When  the  two  flames 
coalesce  the  picture  resembles  the  other  photographs.  In  fig.  79  the  gases  were 
ignited  simultaneously  at  each  end  of  the  tulie. 

[The  last  three  photographs,  reproduced  in  figs.  80,  81,  and  82,  show  the  detonation- 
wave  set  up  in  a  long  tube  reaching  a  portion  of  gas  which  (having  lieen  independent!}’' 
ignited)  is  still  in  the  initial  stage  of  combustion.  In  fig.  80  the  gas  was  lighted  in 
the  centre  of  the  tid)e  just  before  the  detonation- wave  arrived.  The  detonation  is 
slightly  damped  down  on  meeting  the  already  ignited  gas.  In  fig.  81  the  detonation- 
wave  strikes  a  flame  started  at  the  end  of  the  tube.  In  fig.  82  the  initial  flame  had 
spread  considerably  before  the  detonation  struck  it  near  the  left-hand  edge  of  the 
photograph.  In  each  case  the  wave  is  propagated  through  the  already  burning  gas 
like  a  retonation-wave. — H.  B.  D.  and  L.  B.,  October,  1902.] 
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Description  of  the  Plates. 


PLATE  10. 


Mallard  and  Le  Chatelier’s  photographs  of  explosions  in  tubes  fixed  verficaUy. 

Fig.  1.  Explosion  of  the  mixture  CS2  +  6XO  ignited  at  the  open  end  of  a  tube  3  metres  long  and 
20  millims.  in  diameter. 

Fig.  2.  Same  mixture  fired  at  open  end  of  a  tube  10  millims.  in  diameter. 

Fig.  3.  Mixture  of  CSo  +  OXO  fired  near  closed  end  of  tube  2  metres  long.  A  “  reboimd-wave  ”  from 
the  further  end  of  the  tube  is  shown. 

Fig.  4.  Mixture  of  CS2  and  oxygen  fired  at  open  end  of  tube.  A  detonation-wave  is  set  up. 

Yon  Oettingen  and  vox  Gerxet’s  photographs  of  explosions  in  a  vntiral  tube  containing  metallic  salts. 

Fig.  5.  Electrolytic  gas  fired  in  centre  of  tulie  400  millims.  long. 

Fig.  .5 A.  Supposed  joath  of  waves  in  fig.  5. 

Fig.  6,  Electrolytic  gas  fired  50  millims.  from  one  end  of  tube. 

Fig.  Ga.  Supposed  path  of  Avaves  in  fig.  G. 


PLATE  11, 


Photographs  of  explosions  in  horizontal  glass  tul)es. 


Reflexion  of  Avavc  from  closed  end  of  tube  (CoXo  -1-  20  ,). 
Reflected  Avave  ju’oceeding  backAAvards  „ 


Fig.  7. 
Fig.  8. 
Fig.  9. 
Fig.  10. 
Fig.  11. 
Fig.  12. 
Fig.  13. 
Fig.  14. 
Fig.  15. 


in  mixture  2H2  +  O2. 


2CO  +  O2. 
C2X2  +  O2. 
2C2H2-I-5O2. 


Explo.siou  reaching  open  end  of  tube. 

,,  „  end  of  tube  loosely  corked. 


Fig.  IG.  Tube  broke  as  explosion  reached  end  of  tube. 

Fig.  17.  Explosion  passing  throAtgh  long  tube;  movements  of  the  gas  are  not  affected  by  reflexions. 


PLATES  12  AND  13. 


Fig.  19 
Fig.  20 
Fig.  21 
Fig.  23 
Fig.  25 
Fig.  2G 
Fig.  27 
Fig.  2S 
Fig.  29 
Fig.  30 
Fig.  31 
Fig.  32 
Fig.  33 


Sound- Avaves  rnedinfi  detonation  (02X2-1-202). 
,,  .  AA'aA'e  meeting  ,,  (02X2-1-02). 


,,  fullon'lnff  „ 


Taa'o  explosions  meeting  end-on. 


5 


ShoAAuno;  irregularities  aud  sudden  increments  of  briglitness 
and  velocity. 
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Fig.  3L 
Fig.  -3 -5. 


Fig.  37. 
Fig.  38. 
Fig.  39. 
Fig.  40. 
Fig.  41. 
Fig.  42. 
Fig.  43. 


Fig.  44. 
Fig.  45. 
Fig.  46. 

Fig.  47. 


Fig.  48. 


Fig.  49. 
Fig.  50. 
Fig.  51. 


Fig.  52. 
Fig.  53. 
Fig.  54. 
Fig.  55. 
Fig.  56. 


01. 


Fig.  57  a. 


Sudden  increment  shown  by  flame  travelling  one  way  only. 

Detonation  passing  through  three  parallel  glass  tubes  joined  together  by  lead  junctions.  In 
passing  each  junction  the  explosion  is  damped  down  and  recoujjs  itself  suddenly. 

PLATE  14. 

Detonation  passing  through  glass  bend  without  retardation. 

,,  ,,  ,,  flexible  rubber  junction  ^l■^thullt  retardation. 

„  „  „  rigid  copper  junction  „ 

Collision  of  true  detonation-waves  (C-iX^-l- 20:;). 

55  55  55  55  55 

„  (2hD  +  0,). 

“  Ketonation  ’’-wave  running  parallel  vdth  collision-wave. 

PLATE  15. 


lietonation-wave  and  reflexion-wave. 

,,  „  started  at  end  of  tube. 

Explosion  started  in  centre  of  long  tube;  retonation-waves  return  from  points  where  the 
detonation-waves  are  set  up. 

Explosion  started  in  centre  of  short  tube ;  retonation-waves  are  set  up  at  either  end  of  tube 

(C.>Xo  +  0,). 

Exjdosion  started  in  centre  of  short  tube ;  retonation-waves  are  set  up  at  either  end  of  tube 
(2C2H0  +  3O,). 

Velocity  of  retonation  and  reflexion-Avave  compared. 

,,  detonation  and  retonation- Avaves  (in  sejtarate  tubes)  compared. 


PLATE  16. 

Explosion  shoAving  initial  Avave  overtaken  1)y  faster  Avave. 

,,  ,,  that  the  overtaking  flame  comes  from  the  near  end  of  the  tube. 

55  ’5  55  55  '5  55 

55  55  55  55  55  55 

,,  of  C2N2-tOo,  shoAA'ing  retonation-Avave  started  from  near  eml  of  tube  and  running 
nearly  parallel  with  detonation-AvaA  c. 

Explosion  of  C2X0-1-2O2,  shoAving  reflexion  of  -wuiut  from  near  end  of  tube  checking  the  flame 
and  pi'oducing  a  visildc  Avave  in  the  burning  gases. 

Plan  of  57,  shoAA'ing  path  of  AvaA'es. 


PLATES  17  AND  18. 

Fig.  58.  Explosion  of  CoX^-l-O^  in  loAver  tube,  shoAA-ing  reflexion  of  sound-Avave  from  further  end  of  tube. 

Hpper  photograjAh  shoAvs  detonation  of  same  mixture  in  another  tube. 

Fig.  58a.  Plan  of  58,  shoAving  path  of  sound-Avave. 

Fig.  59.  C-jX^-f  O2  fired  at  one  end  of  tube  8{,  inches  long. 

Fig.  60.  Mixture  C^X^H-Oo  filed  4  inches  from  one  end  of  tube  13  inches  long. 

Fig.  60a.  Plan  of  60,  shoAA’ing  jiaths  of  sound-Avaves. 

Fig.  61.  C2X2-I-O2  fired  in  centre  of  tulie  8  inches  long;  intense  retonation-AA’aves  are  sent  back  from 

each  end. 
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Fig.  62. 

Fig.  63. 

Fig.  64. 
Fig.  65. 

Fig.  66. 
Fig.  67. 
Fig.  68. 
Fig.  69. 


Fig.  70. 

Fig.  71. 

Fig.  72. 
Fig.  73. 
Fig.  74. 
Fig.  74a. 
Fig.  75. 
Fig.  76. 


i.T 

'Ig.  It. 

Fig.  78. 

Fig.  79. 
Fig.  80. 

Fig.  81. 

Fig.  82. 


C^Ni  +  0:>  fired  in  centre  of  tube  6  inches  long ;  the  flames  are  checked  .symmetncally  by  souud- 
Avaves  reflected  from  the  ends  of  the  tube. 

Explosion  of  CoNo  +  20o  Avhere  sound-waA'e  is  overtaken  by  exjflosion  before  reaching  end  of 
tube. 

Explosion  of  C^N:..  +  20_.  where  sound-wave  reaches  end  of  tube  first. 

,,  ,,  ,,  sound-waves  return  from  both  ends  of  tul)e  and  cross  flame 

symmetrically. 

Explosion  of  C:;Ni  -f  20o  fired  at  closed  end  of  tube. 

,,  ,,  ,)  I  inches  from  closed  end. 

Oscillations  of  flame  in  explosion  of  CSo-i-SNO  after  passing  4  feet  down  tube. 

C:.No  -f  Go  fired  3  inches  from  open  end  of  tube. 

PLATE  19. 

Elfect  of  “  salting  ”  part  of  tube  traversed  by  detonation  of  2H2  +  O0,  showing  “break”  in  line 
of  detonation. 

Effect  of  “salting”  part  of  tube  traversed  by  detonation  of  2H2  +  O2,  showing  “break”  in  line 
of  detonation. 

Glass  tube  magnified  by  halation. 

Platinum  wire  magnified  by  halation. 

Explosion  of  electrolytic  gas  in  centre  of  short  tube,  showing  effect  of  reflected  sound-Avaves. 

Plan  of  7 4,  shoAA'ing  path  of  sound- Avawes. 

Explosion  of  electrolytic  gas  in  centre  of  short  tube.  The  reflexions  are  nearly  symmetrical. 

,,  ,,  ,,  fired  near  one  end  of  short  tube.  The  flame  is  less  complicated. 

PLATE  20. 

Explosions  of  the  mixture  GSo-poO^. 

JMixture  fired  at  one-fourth  the  length  from  one  end  :  nearly  parallel  AAuiA'es  are  produced  by 
reflexions. 

Mixtirre  fired  at  same  time  at  one  end  and  at  one-fourth  the  distance  from  other  end.  The 
sound-Avaves  are  A’isible  as  they  cross  the  Imrning  gases. 

Mixtiu'e  fired  at  lioth  ends  of  the  tirbe  at  same  time. 

Explosion  started  in  centre  of  tube,  and  the  initial  flame  struck  by  detonation  coming  from  left 
hand. 

Explosion  started  at  one  end  of  tube,  and  initial  flame  struck  lyv  detonation  coming  from  left 
hand.  ” 

The  explosion  has  spread  considerably  before  it  is  struck  by  detonation  as  before. 
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Fig-  7- 


S'  >4'  With  end  open. 


Explosions  of  mixtures  of  C^Nj,  -f-  aOj, 


Fig.  8.  Fig.  9. 

showing  waves  reflected  from  closed  end  of  tube. 


Fig.  n.-  2CO  +  O 


Fig.  12.  C,N,  -f  O, 


Fig.  13.  2C2H2  +  50j. 


Fig.  15. — End  loosely  corked. 


Fig.  16. — Tube  broke. 


Fig.  17.— Movements  of  gas  fol¬ 
lowing  detonation-wave. 
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Dixon. 


Phil.  Trans.  A.,  Vol.  200,  PL  12. 


tig.  ig. — Sound-waves  meeting 
detonation  of  CjNj  +  20^. 
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1'  ig.  20. — Sound-waves  meeting 
detonation  of  CjNj  +  Oj. 


Fig.  21. — Sound-wave  meeting 
detonation  of  CSj  +  2O2. 


Dixon. 
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Phil.  Trans.  A.,  Vol.  200,  PI.  14. 


J7- — Detonation  passing  through 
glass  bend. 


Fig.  38. — Detonation  passing  through 
flexible  rubber  junction  without  re¬ 
tardation. 


Fig.  39.— Detonation  passing  through 
rigid  copper  junction  without  re¬ 
tardation. 


Fig.  40. — Collision  of  two  detonation- 
waves. 

C,N,  +  2O,. 


Fig.  4r. — Collision  of  two  detonation- 
waves. 

C2N2  -f  2O2. 


Fig.  42. — Collision  of  two  detonation- 
waves. 

2H2  -f  O2. 


Fig.  43. — Retonation-wave  runnin 
parallel  with  collision-wave. 
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Dixon. 
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Fig.  44. — Retonation-wave  and 
Reflexion-wave. 


Fig.  45. — Retonation-wave  started 
at  end  of  tube. 


Fig.  46. — Retonation-waves  formed 
by  explosion  in  centre  of  long  tube. 


Fig.  47. — Retonation-waves  formed 
at  ends  of  short  tube. 
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Fig.  52. — Initial  wave  over¬ 
taken  by  faster  wave. 
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Fig-  53-  C2N2  +  2O2. 


Fig.  54.  CSj  +  30^. 


Fig.  55.  CS2  +  5O2. 
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Fig.  58.  CjNj  +  O^. 
Detonation  in  upper  tube. 
Initial  flame  in  lower  tube. 


Fig-  59-  C,N,  +  O^. 
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Pixon. 


Phil.  Trans.  Vol.  200,  PI.  18. 
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Fig.  80.  Fig.  81.  Fig.  8i 

Detonation-wave  passing  through  flames  of  gas  ignited  independently. 


77.  CSj  +  30j.  Fig.  78.  CSj  +  3U2.  Fig.  70.  CS^  +  3O2. 
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INTRODUCTION. 

The  islands  of  the  Caribbean  chain  have  been  occupied  by  European  colonists  for  seY^eral 
hundred  years,  yet  they  cannot  eY^en  at  the  present  day  he  said  to  be  thoroughly 
known  or  sufEciently  explored.  Though  small,  they  are  for  the  most  part  moun¬ 
tainous,  and  present  usually  a  ridge  or  backbone  of  high  land  forming  the  main 
axis  of  each  island,  with  sharp  spurs  on  each  side  running  dotvn  to  the  sea.  Cul¬ 
tivation  is  practically  confined  to  the  lower  grounds,  Yvhere  alone  there  are  good 
roads,  and  the  interior  is  covered  Yvith  dense  tropical  forest,  the  aspect  of  which 
varies  greatly  with  the  altitude,  and  through  which  them  are  only  rough  bush  paths. 
T'he  Y'alleys  are  usually  very  deep  and  narrow,  and  the  steeji  slopes  are  coY'ered 
with  plantations  of  arrowroot,  limes,  cocoa,  coffee,  banana  or  plantain,  Yvhile  most  of 
the  level  alluYual  ground  in  the  Y'alley  bottoms  is  giYmn  up  to  the  growth  of  sugar  cane. 

In  all  the  British  islands,  at  any  rate,  the  principal  ^leaks  and  ridges  haY'e  been 
ascended,  and  the  main  features  of  the  country  are  delineated  on  the  AdmiraltY' 
charts,  Yvhich  are  the  best,  and  in  fact  the  only  aY'ailable  maps.  As  regards  the 
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coast-lines  and  the  lower  grounds  generally,  they  are  very  accurate ;  but  in  the 
interior  only  the  more  important  points,  the  principal  mountain  summits  and  the 
like,  have  had  their  position  sufficiently  determined.  The  rest  of  the  country  has 
apparently  been  sketched  in  more  or  less  carefully — but  many  of  the  details  as,  for 
example,  the  courses  of  the  smaller  streams,  and  the  number  of  their  branches,  canm)t 
be  relied  on.  The  want  of  a  good  map  on  a  fairly  large  scale  is  a  great  drawback  in 
geological  work,  and  prevents  the  structure  of  the  country  being  laid  down  with  any 
approach  to  minuteness. 

This  difficulty  is  increased  by  the  rich  mantle  of  tropical  forest  which  covers  all 
the  surface  except  those  parts  which  are  highly  cultivated.  In  the  forests  one  may 
walk  for  hours  along  narrow  winding  paths,  obstructed  by  fallen  trnnks  and  branches, 
by  the  roots  of  the  larger  trees,  and  the  tough  stems  of  the  lianas,  without  seeing 
any  exposure  except  of  the  deep  soft  soil,  which  in  a  thick  layer  covers  the  rock 
beneath.  The  branches  of  the  trees  meet  overhead,  shutting  out  the  sun  and 
affording  a  delightful  shade ;  but  to  the  right  and  left  it  is  impossible  to  see  for  more 
than  a  few  yards,  so  dense  is  the  vegetation.  Even  where  in  such  forest  paths  the 
surface  of  the  rocks  is  exposed,  the  moist  climate  and  the  abundance  of  decaying 
vegetation  are  so  powerful  in  effecting  decomjiosition,  that  it  may  l^e  a  very  difficult 
matter  to  ascertain  what  is  their  nature,  and  impossible  to  obtain  specimens  sufficiently 
fresh  for  microscopic  examination.  The  great  rapidity  with  which  the  volcanic  I'ocks 
weather  under  these  conditions,  and  the  great  depth  to  which  they  are  covered  with 
soft  earthy  decomposed  material,  is  a  source  of  never-failing  astonishment  to  the 
geologist,  and  powerfully  impresses  on  his  mind  the  rapidity  with  which  denudation 
may  take  place  in  tropical  countries.  The  rivers  and  streams  in  the  lower  parts  of 
their  courses  flow,  as  a  rule,  through  alluvial  deposits  of  gravel  and  boulders,  but  in 
the  higher  valleys  good  rock  exposures  are  more  frequent,  and  much  may  be  learned 
from  an  examination  of  their  banks.  This  is,  however,  no  easy  task  ;  so  dense  is  the 
growth,  so  frequent  are  cascades  and  waterfalls,  and  so  numerous  the  large 
boulders  obstructing  the  streams,  that  such  exploration  is  a  most  laborious  under¬ 
taking.  If  we  add  to  this  the  difficulty  of  continuous  exertion  in  a  temperature 
approaching  80°  F.,  and  an  atmosphere  saturated  with  moisture,  it  will  be  seen  that 
minute  geological  mapping  is  not  to  be  accomplished  under  the  circumstances. 

On  the  other  hand,  the  broad  general  features  of  the  geology  of  the  country 
usually  can  be  easily  made  out  with  fair  accuracy.  As  already  stated,  the  conditions 
are  all  in  favour  of  rapid  erosion.  The  islands  are  so  narrow  and  their  central 
mountain  axes  so  high  that  the  ground  slopes  steeply  on  each  side  into  the  sea.  The 
rainfall  is  heavy,  averaging  perhaps  100  inches  on  the  low  grounds,  and  much  greater 
at  higher  elevations,  and  it  is  so  distributed  as  to  produce  the  maximum  of  geological 
effect.  It  is  greatest  in  the  rainy  season,  which  in  most  of  the  islands  lasts  from  the 
beginning  of  July  to  the  end  of  September.  In  the  dry  season  there  is  sometimes  no 
rain  for  days.  It  usually  takes  the  form  of  short  heavy  showers  which  are  soon 
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over  and  leave  the  streams  in  raging  flood,  and  not  unfrequently  an  inch  of  rain 
falls  in  an  hour,  and  a  rainfall  of  several  inches  in  a  day  often  takes  jDlace.  This  is 
sufficient  to  make  streams  which  are  usually  quite  dry,  rise  and  overflow  their  banks 
in  floods  which  swee]3  everything  before  them  to  the  sea.  Even  the  smaller  brooks, 
which  are  often  dry  in  fine  weather,  have  their  channels  filled  with  very  large 
boulders,  8  feet  or  more  in  diameter,  which  show  by  their  rounded  and  worn 
surfaces  tliat  they  have  been  ti’ansported  for  some  distance.  When  we  remarked 
this  to  one  of  the  iDlanters  in  St.  Vincent,  he  gave  us  numerous  instances  in  which 
streams  a})parently  of  trifling  size  had  moved  large  rock  masses,  and  had  done 
great  damage  to  bridges,  retaining- walls  and  other  structures.  Engineers  have 
encountered  great  difliculties  in  making  roads  through  the  British  colonies  to  with¬ 
stand  the  devastation  occasioned  by  the  heavy  rains.  All  the  less  important 
thoroughfares  and  the  bridle-paths  are  frequently  rendered  impassable  by  the  water 
cutting  across  the  road  and  washing  out  deep  channels.  These  are  then  filled  up  by  a 
band  of  labourers  with  large  hoes,  who  dig  up  the  soft  rotten  rock  from  any  con¬ 
venient  spot  by  the  road  side  and  cast  it  into  the  furrows,  some  of  them  6  or  10  feet 
deej^. 

These  deluges  of  rain  not  only  greatly  increase  the  cutting  power  of  the  streams, 
hut  they  also  saturate  the  soil  and  render  it  particularly  liable  to  slip  when  it  is 
lying  on  steep  ground.  Much  of  the  ground  under  arrowroot  cultivation  on  the 
leeward  side  of  St.  Vincent  lies  on  the  side  of  ridges  and  slopes  at  angles  approaching 
40°.  When  the  plants  have  been  dug  up  and  the  surface  is  left  nearly  hare,  a  few 
showers  of  heavy  rain  may  cause  extensive  landslips,  and  the  planter  may  have  all 
the  valuable  soil  stripped  from  a  considerable  part  of  a  field  in  a  few  minutes.  So 
deep  and  narrow  are  the  valleys,  that  on  each  side  the  material  is  resting  practically 
at  the  angle  of  repose,  and  anything  which  facilitates  interstitial  movement  or  lessens 
the  cohesion  of  the  j^articles,  is  sufficient  to  cause  a  landslide.  Thus  it  will  be  readily 
understood  that  in  a  typical  Caribbean  valley  the  experienced  eye  can  perceire  how 
every  feature  of  the  surface  is  determined  by  the  underlying  geological  structure. 
The  coulees  of  lava  stand  out  as  vertical  cliffs,  which  give  foothold  to  only  a  few 
scattered  j^lauts  which  have  managed  to  take  root  in  the  crevices  and  cracks.  The 
columnar  jointing,  though  often  rude,  is  usually  sufficiently  pronounced  to  yield 
characteristic  surfaces,  and  to  indicate  the  nature  of  the  rock  from  a  distance.  This, 
however,  is  not  always  a  safe  criterion,  for  it  is  possible  to  find  beds  of  tuff  which 
weather  in  much  the  same  way.  As  a  whole,  the  tuffs  are  softer  and  crumble  more 
readily  than  the  lavas,  yielding  abundance  of  loose  material  which  gathers  in  sloping 
taluses  on  the  flanks  of  the  valleys.  These  weathered  ash  beds  form  rich  soils,  and, 
where  possible,  are  cultivated  ;  hut  even  in  the  higher  elevations,  where  there  is  little 
cultivation,  they  are  clothed  with  luxuriant  vegetation,  and  contrast  strongly  with 
the  bare  cliffs  of  lava. 

In  most  of  the  islands  the  coast  sections  are  very  fine,  and  as  it  is  possible  to  row 
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in  smooth  water  along  the  leeward  shore,  much  information  can  be  obtained  in  this 
way.  The  sharp  spurs  running  down  from  the  main  axis  end  as  a  rule  in  prominent 
headlands  with  high  rocky  cliffs  which  give  good  natural  exposures  of  the  geological 
structure.  Between  these  promontories  the  streams  debouch  in  little  bays,  which 
show  a  sandy  or  gravelly  beach  in  their  centre.  A  sail  along  the  leeward  shores  in  a 
small  boat,  which,  keeps  close  to  the  land,  is  a  very  pleasant  and  instructive  experience 
for  the  geologist.  Each  headland  furnishes  a  clean  cut  geological  section,  while  in 
crossing  the  bays  magnificent  views  are  obtained  of  deep  valleys,  steep  sided, 
gloriously  picturesque,  cultivated  below,  but  higher  up  clothed  in  tropical  forest,  and 
in  the  background  lofty  peaks  with  their  summits  veiled  in  mist. 

In  many  respects  the  investigation  of  the  geological  history  and  structure  of  the 
Antilles  is  one  of  the  most  fascinating  branches  of  geological  research.  The  evidence 
of  repeated  and  prolonged  eruptive  activity,  of  great  changes  of  level  in  compara¬ 
tively  recent  times,  of  profound  alterations  in  the  distribution  of  land  and  sea,  of 
enormous  erosion,  and  the  accumulation  of  great  detrital  dejDosits  and  masses  of 
organic  limestones,  have  combined  to  excite  the  interest  and  awaken  the  enthusiasm 
of  geologists.  But  so  far  as  concerns  the  recent  eruptions  and  the  islands  involved 
in  them,  there  is  no  need  to  enter  into  a  discussion  of  the  many  interesting  and 
difficult  problems  of  Caribbean  geological  history. 

St.  Vincent,  Martinique,  Dominica,  St.  Lucia,  and  Grenada  are  almost  entirely 
volcanic,  and  there  is  no  reason  to  believe  that  their  rocks  are  older  than  the  Pleis¬ 
tocene.  They  are  built  up  principally  of  tuffs  and  agglomerates,  with  a  smaller  pro¬ 
portion  of  lava  flows — the  preponderance  of  fragmental  ejecta  being  typical  of  the 
grouj).  The  epocli  of  maximum  volcanic  activity  has  probably  long  since  passed 
away,  though  there  are  records  of  eruptions  in  historic  times  in  Martinique,  St. 
Vincent,  St.  Lucia,  and  Dominica ;  and  in  Grenada  there  is  a  well-preserved  crater 
with  a  lake — the  Grand  Etang.  All  tlie  islands  show  abundant  solfataric  action  ; 
most  of  them  contain  one  or  more  “  Soufrieres  ”  emitting  steam  and  sulphuretted 
hydrogen. 

In  Guadeloupe  and  in  Antigua  there  are  fossiliferous  dej^osits  possibly  of  Miocene 
age  interbedded  in  the  volcanic  tuffs,  and  it  may  be  that  eruptive  activity  in  the 
Leeward  Islands  dates  back  to  the  Eocene.  But  in  the  Windward  Islands  the  oldest 
fossiliferous  beds  are  Pleistocene  or  recent.  Bocks  of  this  age  occur  at  elevations  of 
several  hundred  feet  above  the  sea  in  Martinique,  St.  Lucia,  and  Grenada,  and  to 
whatever  2)eriod  the  outbreak  of  volcanic  activity  is  to  Ije  assigned,  there  can  Idc  no 
doubt  that  it  has  continued  through  the  Pleistocene  iq3  to  the  present  day."^' 


*  R.  T.  Hill,  “The  Geology  of  Jamaica,”  ‘Bulletin  of  the  Museum  of  Comjjarative  Zoology  at 
Harvard  College,  1899,’  vol.  34  (Geological  Series,  vol.  4),  p.  223. 
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THE  PHYSICAL  FEATUEES  AND  GENEEAL  GEOLOGY  OF  ST.  VINCENT. 

The  Lavas  and  Tujfs  of  the  Old  Volcanoes  of  the  South  End  of  the  Island. 

The  outline  of  St.  Vincent  is  the  elongated  oval  which  is  characteristic  of  the 
Windward  Islands,  the  main  axis  lying  north  and  south,  and  corresponding  with  the 
direction  of  the  group  as  a  whole.  The  length  of  the  island  is  18  miles,  the  greatest 
breadth  11,  and  the  total  area  is  estimated  as  150  square  miles.  In  the  coast  line 
there  are  no  inqDortant  indentations,  the  largest  being  Kingstown  Bay,  near  the 
south  end,  on  which  the  principal  town  stands.  The  only  villages  of  any  size  are 
Georgetown,  on  the  windward  side  of  the  island,  near  its  north  end,  and  Barrualli  and 
Chateauhelair  on  the  leeward,  the  latter  almost  opposite  Georgetown.  The  popula¬ 
tion  of  Kingstown  is  estimated  at  7000,  that  of  the  whole  island  at  40,000,  and  is 
for  the  most  part  black  or  coloured,  there  being  only  1500  whites.  Arrowroot  is  the 
staple  product — St.  Vincent  arrowroot  has  long  had  a  high  reputation.  Sugar  has 
almost  gone  out  of  cultivation,  but  cocoa,  coffee,  cocoanuts,  nutmegs,  bananas,  and  a 
great  variety  of  fruits  grow  well,  and  are  to  some  extent  exported. 

The  island  may  be  described  as  almost  mountainous,  there  being  little  flat  land 
except  in  the  valley  bottoms  and  around  the  shores  of  the  larger  bays.  On  the 
windward  or  eastern  side  there  are  old  terraces  or  benches  of  marine  erosion  which 
form  a  narrow  rim  of  comparatively  level  country  skirting  the  coast.  On  the  leeward 
side  the  land  slopes  steeply  to  the  sea.  The  average  density  of  the  population  is  high 
— nearly  300  per  square  mile — or  almost  equal  to  that  of  the  Isle  of  Wight  and  some  of 
the  less  populous  English  counties.  Yet  it  is  only  the  valleys  and  the  low  ground  near 
the  coast  which  are  really  inhabited,  for  the  higher  ridges  are  covered  with  forest  and 
bush,  through  which  there  are  few  paths.  Some  of  the  mountcun  peaks  have  rarely 
been  ascended,  as  may  be  understood  when  it  is  explained  that  a  journey  in  these 
regions  cannot  be  made  without  several  sturdy  labourers  armed  with  cutlasses  with 
which  to  hew  a  way  through  the  dense  undergrowth  which  often  obstructs  and  may 
obliterate  the  paths.  Owing  to  the  fertility  of  the  soils,  the  warm  climate  and  the 
abundant  rains,  a  very  small  plot  of  ground  is  sufficient  to  support  a  black  man  and 
his  family  in  comfort.  They  require  little  clothing,  and  there  is  almost  no  demand 
for  luxuries.  Many  of  the  blacks  are  employed  as  labourers  and  as  servants  on  the 
estates,  but  it  has  of  late  year's  been  the  policy  of  the  Government  to  plant  them  out 
on  the  Crown  lands  as  peasant  proprietors,  each  on  his  own  small  allotment.  The  best 
ground,  however,  is  always  occupied  by  the  arrowroot  and  sugar  estates,  many  of 
which  have  been  in  cultivation  for  nearly  200  years. 

A  ridge  of  hills  runs  along  the  centre  of  the  island  in  a  north  and  south  direction, 
the  principal  peaks  being  the  Grand  Bonhoimne  (3193  feet),  the  Morne  Garu  and 
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Richmond  Peak  (3528  feet),  and  the  Soiifriere  (4048  feet).  If  we  except  the  last, 
which  forms  the  north  end  of  the  chain,  we  may  say  that  the  form  of  all  these 
mountains  indicates  that  they  have  suffered  prolonged  and  intense  erosion.  Though 
of  volcanic  origin,  none  of  them  shows  a  crater  or  a  well-preserved  cone.  A  series  of 
radiating  valleys,  very  deep  and  narrow,  has  been  cut  into  the  old  volcanic  pile,  and 
between  these  valleys  there  are  high  steep-sided  spurs,  the  summits  of  which 
are  knife  edges  often  only  broad  enough  to  serve  as  a  footpath.  In  the  recent 
geological  history  of  the  island  erosion  has  been  of  vastly  more  importance  than 
accumulation.  This  is  due  to  the  causes  already  enumerated ;  and  nowhere  better 
than  in  St.  Vincent  can  the  rapidity  with  which  denudation  takes  place  in  a  moist 
tropical  climate  be  studied  and  exemplified.  Excepting  on  the  steepest  slopes,  where 
loose  accumulations  will  not  rest,  the  rocks  are  deeply  covered  vfith  weathered 
material,  which  has  either  been  formed  in  situ  or  has  been  carried  down  by  landslij^s  or 
as  rain -wash. 

The  rainfall  is  not  equally  distributed  over  the  year,  as  June,  July,  and  August 
are  usually  the  most  rainy  months,  while  January  and  February,  March  and 
April,  constitute  the  “dry  season.”  It  averages  about  110  inches  in  the  year, 
according  to  the  records  kept  for  many  years  in  the  Botanic  Gardens  at  Kingstown.^ 
Among  the  mountains,  however,  especially  on  the  windward  side,  it  is  much  greater 
than  this.  Most  of  it  falls  in  short  heavy  showers,  which  fill  the  rivers  up  to  their 
banks,  and  make  them  difficult  or  dangerous  to  cross  when  they  are  of  any  size. 
Even  after  gentle  showers  the  water  is  muddy  from  the  quantity  of  sediment  it 
carries.  The  smaller  brooks  have  usually  their  channels  encumlDered  with  large 
boulders,  which  have  obviously  been  Ijrought  down  in  floods  and  left  stranded 
when  the  water  subsided.  The  steep  and  winding  road  which  passes  along  the 
leeward  shore  is  in  this  way  often  obstructed  by  falls  of  earth  or  rock.  A  very 
brief  residence  in  the  Windward  Islands  is  sufficient  to  convince  a  geologist  that 
erosion  is  there  proceeding  with,  great  rapidity,  and  that  although  the  volcanic  masses 
have  been  deeply  sculptured,  they  are  not  necessarily  of  great  geological  age. 

The  axial  mountain  ridge  is  as  a  whole  fairly  continuous,  at  any  rate  from  Mount 
St.  Andrew,  which  overlooks  Kingstown  to  Richmond  Peak,  which  is  a  few  miles  south 
of  the  Soufriere.  Some  of  the  streams,  however,  in  cutting  l)ack  the  heads  of  their 
valleys  from  opposite  sides  of  the  island,  have  nearly  succeeded  in  meeting  across  the 
main  ridge  and  uniting  to  form  a  low  open  channel  from  side  to  side  of  the  island. 
The  valley  of  the  Buccament  has  been  cited  by  Professor  Spencer  as  “  crossing  the 

*  Mr.  Henry  Powell,  Curator  of  the  Botanic  Gardens  in  Kingstown,  St.  Vincent,  has  kindly  furnished 
us  with  tables  of  the  rainfall  at  that  station  during  the  last  seven  years  (including  this  year  up  to  the  end 
of  November).  The  average  monthly  rainfalls  for  that  period  are  as  follows  : — January,  5-78  inches  ; 
February,  4‘29  inches;  March,  3‘79  inches;  April,  4‘22  inches;  May,  9’85  inches;  June,  12'87  inches; 
July,  11-34  inches;  August,  11-97  inches;  September,  13-69  inches;  October,  10  84  inches;  November, 
12-0-0  inches;  December,  9-78  inches.  It  will  be  seen  that  the  first  four  months  of  the  year  constitute 
the  “  dry  season,”  The  average  yearly  rainfall  is  about  110  inches. 
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island  to  the  sea,  so  that  a  comparatively  small  submergence  would  convert  it  into  a 
strait.”^  But  a  better  instance  of  this  is  the  broad  open  valley  on  the  south  side  of 
the  Soufriere,  between  that  mountain  and  the  Morne  Garu.  It  is  a  sigrnificant  fact 
that  there  is  no  good  road  from  the  leeward  to  the  windward  side  over  the  mountains, 
and  that  the  only  passable  footpath  was  an  old  Carib  track  which  started  from 
Chateaubelair  and  went  to  Georgetown.  It  led  right  up  to  the  edge  of  the  crater  of 
the  Soufriere  before  descending  on  the  other  side,  an  ascent  of  3000  feet.  It  stuck  to  the 
summits  of  the  spurs  between  the  valleys,  where  the  vegetation  was  least  dense,  and 
there  was  least  probability  of  a  wash-out  due  to  the  sudden  rains  and  floods.  At  flrst 
glance  it  would  have  appeared  easier  to  follow  the  course  of  the  valley  across  the 
island,  hut  this  would  have  passed  through  dense  forests,  and  the  lateral  streamlets 
descending  the  side  of  the  valley  to  join  the  rivers  would  have  been  difficult  to  cross 
in  time  of  flood,  and  would  have  caused  much  damage  to  any  road  carried  over  them. 
In  such  a  situation  a  road  would  also  have  been  exposed  to  landslides  and  falls  of 
rock,  which  would  have  often  rendered  it  impassable. 

In  consequence  of  the  small  size  of  the  island,  none  of  the  rivers  of  St.  Vincent  are 
of  any  magnitude.  Their  courses  are  remarkably  short  and  straight,  being  mostly 
nearly  at  right  angles  to  the  coast -line.  The  drainage  is  of  a  very  simple  “  conse¬ 
quent  ”  type,  and  intimately  connected  with  the  geological  structure  of  the  island 
The  most  striking  feature  of  the  stream-valleys  is  their  great  depth,  especially  in 
their  upper  parts,  where  they  present  in  any  of  the  characteristics  of  canons.  This  is 
best  seen  in  the  devastated  country,  where  the  surfaces  are  no\v  quite  hare  and  have 
a  desert  aspect.!  The  casual  streamlets  which  descend  the  valley  walls  after  sudden 
rains  form  niches  which  furrow  the  surface,  and  the  alternation  of  vertical  cliffs  of 
lava  with  sloping  taluses  of  weathered  ash  produces  features  which  strongly  recall 
those  of  the  canons  of  western  North  America.  As  the  streams  are  still  cuttino- 
rapidly  along  most  of  their  length,  it  is  rare  to  find  any  extensive  plains  of  alluvial 
deposit  except  near  their  mouths.  The  sea  is  too  deep  for  the  formation  of  deltas, 
ljut  in  many  of  the  bays  there  is  a  small  stretch  of  flat  ground  with  nsuafly  a  curved 
storm  beach  facing  the  sea.  Higher  up  the  valleys  narrow  flood  plains  may  be  found, 
but  they  are  few ;  and  sugar  cultivation,  wliicli  is  best  carried  on  on  level  ground,  is 
almost  entirely  confined  to  the  coast. 

The  whole  of  St.  Vincent  is  of  volcanic  origin.  There  are  no  marine  sedimentaries, 
and  no  organic  limestones.  All  the  available  evidence  goes  to  show  that  the  island  is 
the  product  of  prolonged  volcanic  activity,  and  that  the  materials  accumulated  on  a 
land  surface,  without  any  intervals  of  depression  during  which  marine  sediments  were 
formed.  By  far  the  most  common  type  of  rock  is  a  coarse  volcanic  tuff  or  agglome- 

*  J.  A.  Spencer,  “The  Windward  Islands  of  the  West  Indies,”  ‘Trans.  Canadian  Inst.,’  vol.  7, 
p.  SGI. 

t  Tempest  Anderson  and  John  S.  Flett,  “  Preliminary  Report  on  the  recent  Eruption  of  the 
Soufriere  in  St.  Yincent,”  ‘  Proc.  Rojn  Soc.,’  vol.  70,  Plate  2,  1902. 
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rate,  sometimes  containing  blocks  20  or  30  feet  in  diameter,  and  nearly  always  full  of 
bombs  and  ejected  fragments  a  foot  across  or  more.  These  beds  are  red  or  brown  in 
colour,  and  are  jJrincipally  andesitic  or  basaltic  in  composition.  As  a  rule,  their 
bedding  is  very  rough,  many  thick  masses  showing  only  faint  and  inconstant  bedding 
planes  several  feet  apart.  Splendid  sections  of  these  agglomerates  are  to  be  seen 
along  the  leeward  coast,  where  cliffs  several  hundred  feet  high  are  built  up  entirely 
of  such  materials  (see  Plate  22,  fig.  1).  It  gives  the  impression  that  in  the  Antillean 
volcanoes  violent  explosive  action  has  been  far  more  frequent  than  the  outpouring  of 
streams  of  lava,  and  that  the  recent  eruptions  are  in  this  respect  typical  of  the 
region  to  which  they  belong.  But  when  we  compare  the  Ijeds  of  ash  which  have 
been  laid  down  during  the  present  year  with  those  of  older  date  which  may  be  traced 
in  the  cliff*  sections,  we  are  led  to  the  conclusion  that  in  comparison  with  former 
convulsions  this  last  is  a  pigmy  affair. 

The  possibility  that  in  these  thick  masses  of  coarse  volcanic  ejecta  we  may  have 
the  remains  of  former  craters — necks,  dissected  and  exposed  in  the  cliff’s  by  the 
erosive  action  of  the  sea — is  one  which  at  once  suggests  itself  to  the  mind  of  the 
observer.  But  nowhere  did  we  see  a  section  which  could  be  regarded  as  that  of  a 
typical  neck,  whether  j^lugged  by  agglomerate  or  by  crystalline  rock.  Wherever  the 
structural  relations  of  these  masses  of  coarse  ash  to  the  surrounding  rocks  were  well 
seen,  they  proved  to  be  those  of  thick  irregular  beds,  lenticular  in  character,  and 
passing  laterally  into  thinner  and  more  uniform  sheets.  The  rapid  variation  in 
coarseness  of  material  when  traced  aloiio-  the  strike,  the  irreg-ular  thickness  of  the 
beds,  and  the  imperfect  development  of  the  bedding  planes,  together  with  the 
absence  of  fossiliferous  intercalations,  are  best  explained  on  the  supposition  that  we 
are  dealing  with  a  series  of  purely  sub-aerial  volcanic  deposits.  The  rarity  of  necks  is 
partly  a  consequence  of  the  simple  character  of  the  Antillean  volcanoes,  as  exemplified 
by  the  Soufriere  and  several  others  recently  extinct  ljut  still  well  preserved — where 
parasitic  or  lateral  craters  are  exceptional. 

Further  evidence  of  land  conditions  is  furnished  by  the  numerous  sections  of  old 
stream-valleys  in  the  agglomerates  (see  Plate  22,  fig.  1).  Some  of  these  are  well 
shown  in  the  cliffs  iieai'  Cumberland,  a  little  north  of  Chateaubelair.  Deep  gullies 
have  been  cut  out  of  the  beds  of  ash,  and  these  have  been  filled  up  with  material, 
which  at  the  sides  slopes  steeply  towards  the  centre  of  the  trough,  while  in  the  middle 
the  bedding  j^lanes  are  fiat  or  slightly  concave.  Some  of  these  valleys  must  have 
been  veritable  gorges,  deep  and  narrow.  A  peculiar  volcanic  conglomerate,  composed 
of  blocks  weathered  out  of  the  old  ash  beds  or  lava  streams,  but  water-worn  and 
well  rounded,  is  the  deposit  which  usually  occupies  them.  It  is  easily  recognised 
after  a  little  practice,  as  it  is  very  different  in  appearance  from  the  purely  volcanic 
tuffs.  The  sorting  action  of  running  water  is  often  exemplified  in  these  con¬ 
glomerates.  Some  beds  consist  almost  entirely  of  large,  well-rounded  boulders,  while 
others  are  much  finer  grained,  and  composed  of  sandy  sediment  deposited  by  gently 
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flowing  streams.  Such  alternations  give  a  pronounced  stratification  to  these  accumu¬ 
lations,  yet  the  individual  beds  are  never  persistent  but  always  very  local,  and  the 
irregidarities  of  the  bedding  and  of  the  dip  are  explained  by  the  rapid  variation  of 
tropical  streams  in  volume  and  velocity  of  flow. 

Although  lava,  flows  are  not  the  predominant  feature  of  the  coast  sections,  and  are 
far  less  imjjortant  than  the  ash  beds — yet  it  is  not  to  be  imagined  that  they  are  rare 
or  absent.  There  are  many  fine  examples  of  them  on  both  the  leeward  and  the  wind¬ 
ward  shores  of  St.  Vincent.  Their  mass  is  often  considerable,  as  they  are  frequently 
40  feet  and  sometimes  80  or  100  feet  thick,  and  some  are  nearly  a  mile  in  length. 
They  are  mostly  andesites  or  andesitic  basalts,  porphyritic,  with  large  crystals  of 
pyroxene,  plagioclase  felspar,  and  commonly  olivine.  On  the  fresh  fracture  their  dark 
colour  and  vitreous  lustre  often  indicates  the  presence  of  considerable  amounts  of  a 
glassy  base. 

The  thickness  of  these  lava  flows  and  the  large  area  they  cover  are  two  of  the  most 
striking  features  of  the  geology  of  the  island.  Among  the  more  important  examples 
may  l)e  mentioned  the  lava  which  outcrops  on  the  south  side  of  Kingstown  Bay,  that 
which  occurs  below  Petit  Bordel,  at  Chateaubelair,  and  that  which  forms  the  Black 
Point,  south  of  Georgetown.  On  the  leeward  coast,  near  Cumberland,  and  also  near 
Barrualli,  thick  streams  of  lava  may  be  seen  in  the  sides  of  the  valleys  a  little  distance 
inland.  By  the  vertical  clifis  they  form  they  can  be  easily  traced  as  they  run  up  the 
valleys,  and  it  is  clear  that  they  are  of  considerable  age  ;  for,  as  they  appear  on  both 
sides  of  the  stream  at  the  same  level,  they  were  at  first  continuous,  and  have  been 
cut  uj)  into  separate  blocks  as  the  streams  deepened  their  course  and  worked  through 
them  into  the  softer  ashes  below.  It  is  this  alternation  of  ash  beds  with  columnar- 
jointed  lavas  which  yields  under  the  influence  of  sub-aerial  erosion  those  picturesque 
and  varied  effects  which  make  the  island  of  St.  Vincent  famous  for  the  beauty  of  its 
scenery. 

It  is  possible  that  a  certain  number  of  those  crystalline  rock  masses  may  reall}^  be 
not  lavas  which  flowed  out  on  the  surface,  but  massive  intrusive  sheets  injected 
between  the  bedding  planes  of  the  ashes ;  and  in  that  tropical  climate,  amid  the 
dense  forests,  and  on  such  difficult  ground,  it  would  be  a  task  of  no  small  labour  to 
establish  in  every  case  what  is  their  true  nature.  Wherever  it  was  possible  to 
investigate  thoroughly  their  structural  relationships,  they  proved,  with  very  few 
exceptions,  to  be  true  lava  flows,  though  they  are  not  frequently  scoriaceous,  even  on 
their  upper  surfaces.  The  bedding  of  the  ashes  in  which  they  lie  is,  as  already 
stated,  rough  and  irregular,  so  that  it  is  not  easy  to  show  that  they  are  strictly 
interbedded  or  conformable.  Small  discrepancies  between  the  apjjarent  bedding  of 
the  tuffs  and  the  lava  flows  are  not  to  be  regarded  as  important.  On  the  whole  the 
greater  lavas  form  flat  sheets  with  a  gentle  uniform  dip  which  agrees  with  that  of  the 
tuffs  where  these  exhibit  a  good  bedding.  Owing  to  their  greater  regularity  in  this 
respect,  the  lavas  afford  better  evidence  to  the  geologist  as  to  the  true  dip  and 
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structure  of  the  country  than  the  irregular,  inconstant,  and  often  tumultuous  deposits 
of  tuff. 

The  lavas,  like  the  ash  Ijeds,  have  certainly  accumulated  on  a  land  surface.  Occa¬ 
sionally  we  may  see  where  a  lava  flow  has  entered  an  old  valley  and  has  partly  or 
completely  filled  it  up,  and  frequently  the  base  of  the  lavas  is  so  irregular  as  to  show 
that  the  surface  over  which  they  flowed  had  been  sculptured  by  sub-aerial  erosion  into 
numerous  ridges  and  furrows.  The  curved  outcrops  not  unfrequently  suggested 
that  folding  had  taken  place  and  thrown  the  beds  into  little  anticlines  and  synclines, 
but  examination  always  revealed  the  eroded  character  of  the  underlying  material, 
while  no  proof  of  folding  on  such  a  small  scale  was  ever  obtained. 

A  layer  of  bright  red  earth  very  commonly  lies  directly  below  the  lavas,  and  where 
the  rocks  are  utterly  decomposed,  this  may  be  one  of  the  best  indications  of  the  nature 
of  the  overlying  mass.  It  is  undoubtedly  an  old  terrestrial  soil  in  which  the  hydrous 
iron  oxides  have  been  changed  to  hematite  by  the  action  of  the  hot  lava  flow.  This 
layer  is  usually  about  a  foot  in  thickness  and  consists  of  a  decomposed  ash  bed  (only 
very  rarely  do  two  lavas  come  together  in  the  sections)  in  which  the  fragmental 
structure  is  becoming  obliterated,  baked  and  hardened  into  a  splintery  red  clay  or 
porcellanite,  especially  where  it  is  fine  grained  and  in  immediate  contact  with  the 
lava.  We  did  not  find  any  remains  of  burnt  wood  or  other  fossils  in  these  old  soils 
or  in  any  part  of  the  tuffs. 

Intrusive  sheets  also  are  not  lacking  in  St.  Vincent,  though  according  to  our 
experience  they  are  few  and  small.  There  are  some  sections  which  show  junctions 
so  decidedly  transgressive  that  they  can  only  he  due  to  the  injection  of  molten 
masses  into  fissures  in  the  tuffs.  Good  examples  are  to  be  seen  at  Dark  Head,  on  the 
leeward  coast,  and  Duvernette  Island,  near  Calliaqua.  They  are  so  rare,  however, 
that  it  would  not  be  difficult  to  enumerate  every  instance  which  came  under  our 
notice.  In  no  case  are  these  masses  of  great  size,  but  some  of  tiie  more  important 
lava  flows  attain  to  such  great  thickness,  and  are  so  lenticular  in  character,  that  they 
greatly  resemble  laccolites.  One  of  these  in  the  Cumberland  Valley,  about  a  mile 
above  its  mouth,  forms  a  beautiful  columnar  cliff  nearly  300  feet  high,  overlooking 
the  stream.  There  was  not,  however,  sufficient  available  evidence  to  prove  that  it 
might  not  be  a  lava  flow  occupying  an  old  valley  channel,  and  very  thick  in  conse¬ 
quence.  There  is  another  great  cliff  of  crystalline  and  columnar -jointed  rock  in  the 
Mariaqua  Valley,  and  from  the  regularity  of  this  mass  in  dip  and  thickness  it  is  most 
jDrobably  a  lava  flow. 

In  the  splendid  sections  on  the  leeward  side  of  the  island,  dykes  are  as  rare  as 
intrusive  sheets.  The  exposures  are  so  good  that  this  is  sufficient  to  indicate  their 
scarcity,  hut  in  the  interior  of  the  island,  owing  to  decomposition  of  the  rocks  and 
the  thick  growth  of  forest,  they  would  be  practically  certain  to  escape  detection. 
Three  or  four  dykes  were  seen  cutting  the  tuffs  near  Layu. 

The  rarity  of  dykes,  intrusive  sheets  and  necks,  are  characteristic  features  of 
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the  Antillean  volcanoes,  which  find  their  explanation  in  the  peculiarities  of  their 
methods  of  eruption.  They  have  been  mostly  explosive  volcanoes,  emitting  ginat 
quantities  of  ashes,  homhs,  and  ejected  blocks,  with  occasional  flows  of  lava.  In 
this  way  great  simple  cones  have  been  built  up,  mostly  with  one  or  more  craters 
near  their  summits.  Parasitic  craters  and  lateral  outlets  have  been  rare,  owing  to 
the  great  strength  of  the  volcanic  structures,  and  as  a  rule  the  old  orifices  have  been 
repeatedly  made  use  of  in  the  eruptive  history  with  few  and  unimportant  modifica¬ 
tions.  This  has  been  the  story  of  the  recent  outbursts,  and  is  in  accordance  with 
the  structure  of  the  best  preserved  dormant  or  extinct  volcanoes  of  the  Caribbean 
chain.  They  are  simple  cones,  sometimes  breached,  or  surrounded  by  an  old  “  Somma  ” 
wall,  and  consist  for  the  most  part  of  ask  with  more  or  less  abundant  coulees 
of  lava. 

So  far  as  it  was  possible  for  us  to  ascertain,  the  geological  structure  of  St.  Vincent  is 
very  simple.  All  around  the  coasts  the  dip  of  the  rocks  as  indicated  by  the  great 
lava  flows  and  the  more  persistent  beds  of  ash,  is  outwards  from  the  centre.  On  the 
leeward  side  the  lavas  dip  to  the  west  at  gentle  angles  (averaging  about  10°).  At 
the  south  end  and  near  Kingstown  the  dip  is  mostly  south,  while  on  the  east  or 
windward  side  the  dip  is  also  towards  the  sea.  The  ash  beds  are  more  irregular  in 
this  respect,  and  within  short  distances  may  show  considerable  variations.  But, 
taken  as  a  whole,  they  always  agree  fairly  well  with  the  dip  of  the  lava  flows,  and 
they  practically  never  show  an  inclination  towards  the  centre  of  the  island.  We  are, 
in  fact,  dealing  with  a  highly  eroded  volcanic  pile,  a  chain  of  old  volcanoes,  and  the 
position  of  the  craters  and  outlets  must  have  nearly  corresponded  with  the  central 
ridge  of  hills.  The  radial  outward  dip  is  a  reflex  of  the  slopes  down  which  the 
lavas  flowed,  and  on  which  the  ash  beds  gathered.  Over  these  surfaces  the  streams 
ran  in  more  or  less  direct  courses  to  the  sea. 

Along  this  central  ridge,  apparently,  no  craters,  except  that  of  the  Soufriere,  can 
now  be  found,  and  none  are  indicated  on  the  map.  Erosion,  most  rapid  on  the 
higher  grounds,  has  already  obliterated  them.  But  it  is  there  they  are  to  be  searched 
for,  and  though  the  task  is  a  well-nigh  hopeless  one,  the  remains  of  them  may  yet 
be  found.  In  all  probability  most  of  them  are  filled  with  agglomerate,  but  some 
may  be  represented  by  great  bosses  of  crystalline  rock  like  the  Pitons  of  St.  Lucia. 

We  searched  carefully  in  the  streams  which  descend  from  the  main  ridges,  and 
along  the  shores  of  the  whole  island  for  specimens  of  true  plutonic  rocks  of  dioritic 
character,  but  none  were  found,  and  this  helps  to  demonstrate  the  comparatively 
recent  nature  of  the  whole  island,  and  corroborates  the  evidence  drawn  from  other 
sources  as  regards  its  geological  history. 

It  is,  of  course,  possible  to  regard  the  island  as  an  anticline  or  dome  rising  on  the 
summit  of  a  great  earth  fold,  such  as  is  indicated  by  the  soundings  on  the  charts  as 
separating  the  Caribbean  Sea  from  the  Atlantic.  But  there  are  certain  facts  to  be 
enumerated  shortly  which  this  would  not  explain,  and  in  the  whole  island  there  is  a 
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remarkable  absence  of  folding,  contortion,  crushing  and  faulting.  Small  faults  were 
occasionally  seen,  but  very  rarely.  None  of  the  big  masses  of  lava  could  be  proved  to 
be  cut  by  any  considerable  faults,  and  the  irregularities  in  their  outcrops  were  to  he 
explained  by  the  variation  in  thickness  due  to  outflow  over  a  rough  eroded  country 
rather  than  as  a  consequence  of  folding  or  deformation.  In  some  of  the  other  islands 
evidence  of  faulting  is  far  more  abundant  than  in  St.  Vincent,  though  it  may  be 
admitted  that,  except  they  cut  the  more  persistent  lava  streams,  it  might  be  very 
diflicult  to  establish  the  existence  of  faidts,  as  the  ash  beds  are  so  lenticular  in 
character  and  so  irregular  in  their  dij^. 

The  Morne  Garu  and  Richmond  Peak,  which  stand  just  south  of  the  Soufriere,  are 
the  hest  examples  of  highly  eroded  extinct  volcanoes  in  the  whole  central  mountain 
chain.  We  lived  for  several  weeks  at  either  Chateanbelair  or  Georgetown,  on  opposite 
sides  of  this  mass,  and  had  many  opportunities  of  observing  the  disposition  of  its 
rocks,  especially  as  on  its  north  side  the  bush  had  been  burnt  or  overthrown  during  the 
recent  eruption.  On  the  west,  great  lava  streams  descend  by  Richmond,  Richmond 
Vale,  and  Chateauhelair  to  the  sea.  On  the  east  there  are  important  lavas  behind 
Georgetown  and  at  Black  Point,  with  an  easterly  inclination  towards  the  coast.  On 
the  north  side  the  dip  is  northwards,  towards  the  Soufriere  (see  fig.  2,  Plate  29),  and 
on  the  south  side  of  Morne  Garu  at  least  many  of  the  lavas  have  a  chp  towards  the 
south.  Hence  it  appears  that  the  rocks  are  so  disposed  as  to  dip  outwards  on  all 
sides  from  the  centres  or  summits  of  these  mountains,  and  this  agrees  with  the 
supposition  that  they  are  the  remnants  of  a  highly  eroded  volcano  (or  less  probably 
two  adjacent  volcanoes),  which  in  its  prime  was  probably  of  considerably  greater 
magnitude  than  the  Soufriere.  Few  men  have  ascended  to  their  summits.  We 
could  find  only  one  who  had  been  there — a  black  guide,  and  from  what  he  told  us,  it 
seemed  certain  that  there  are  no  craters,  but  that  the  extreme  top  is  formed  by 
sharp  knife-edged  aretes  between  deep  valleys  as  is  indicated  on  the  map  (see 
Plate  39).  Even  in  that  case  it  is  likely  tliat  of  all  the  extinct  volcanoes  of  St. 
Vincent,  this  was  the  last  to  die  out.  In  the  deep  radial  valleys  which  have  been 
carved  out  of  the  mass,  we  find  the  consequences  of  its  foi'mer  conical  surface.  It 
seems  probable  that  volcanic  activity  has  persisted  in  the  north  end  of  the  island  long 
after  it  ceased  at  the  south. 

The  Upraised  Sea  Beaches. 

One  of  the  most  marked  features  of  the  geography  of  St.  Vincent  is  the  presence 
on  the  windward  side  of  considerable  stretches  of  comparatively  level  country,  which 
contrast  strongly  in  general  character  with  the  highly  eroded  and  deeply  sculptured 
uplands.  There  is  no  such  belt  along  the  leeward  shore,  and  consequently  the  largest 
and  richest  estates  are  to  be  found  on  the  east  side  of  the  island,  Avliere  also  the 
population  is  most  dense.  The  road  from  Kingstown  to  Georgetown,  the  only 
carriage  road  in  the  island,  after  crossing  the  ridge  behind  Kingstown,  passes  entirely 
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through  this  flat  country,  with  rich  cultivated  laud  on  each  side,  except  where  it 
skirts  the  sea  shore.  The  Carilj  Country  at  the  base  of  the  Soufriere,  north  of  George¬ 
town,  is  part  of  this  tract ’of  low  ground,  and  on  it  stood  some  of  the  largest  and  best 
estates  in  the  island,  now  devastated  and  covered  by  volcanic  ashes  (see  Plate  21, 
fig,  1). 

The  difference  in  aspect  between  the  flat-terraced  coastal  plains  on  the  windward, 
and  the  sharp  spurs  and  deep  valleys  which  on  the  leeward  side  run  right  down  to 
the  sea,  is  so  striking  as  to  call  for  explanation.  The  windward  plains  are  eroded  and 
cut  into  by  valleys,  but  these  have  none  of  the  rugged  steejjness  which  makes  the 
leeward  coast  so  picturesque.  Tlie  ridges  between  the  valleys  are  broad  and  flat- 
topped,  with  fine  fields  of  sugar-cane  and  arrowroot.  They  differ  entirely  from  the 
knife-edges  which  separate  the  ravines  on  tlie  higher  grounds  and  the  narrow  ridges 
between  the  deep  valleys  on  the  western  shore.  In  some  places  the  low, 
round-backed  hiUs  have  rather  tlie  appearance  of  a  chalk  country  in  the  south  of 
England. 

The  line  of  demarcation  between  these  two  terranes  is  in  many  places  fairly  well 
defined.  Its  altitude  is  about  700  feet  above  the  sea.  Not  unffequently,  however, 
the  one  type  of  country  blends  with  the  other ;  there  is  no  sharp  boundary,  but  the 
hollow,  concave,  deeply  incised  features  of  the  uplands  soften  and  gradually  give 
place  to  the  rounded,  convex,  somewhat  flowing  outlines  of  the  plain  country 
beneath. 

In  some  places  this  coastal  plain  is  beautifully  terraced.  Flat  benches,  separated 
from  one  another  hy  steep  declivities,  mark  successive  levels  of  the  sea  during  some 
previous  epoch  of  submergence.  One  very  persistent  terrace  is  almost  200  feet 
above  the  sea  level.  It  is  very  conspicuous  about  Mount  Pleasant  and  Brighton 
on  the  windward  road,  6  or  8  iniles  from  Kingstown.  Below  it  two  lower  flats 
can  also  be  seen,  and  above  it  there  are  others.  The  liighest  well-preserved  beach 
which  we  saw  was  on  tlie  south  side  of  the  Mariaqua  Valley,  at  about  690  feet 
aliove  sea  level,  but,  as  a  rule,  the  higher  terraces  have  suffered  from  erosion  far  more 
tlian  the  lower,  and  are  much  less  perfect  and  less  easily  traced.  In  all  there  are  at 
least  six  or  seven  of  these  old  sea  levels,  though,  in  the  aljsence  of  an  accurately 
contoured  map,  much  time  would  have  been  required  to  ascertain  their  exact 
numbei'.  In  some  places  near  Brighton  it  is  possiljle  to  make  out  four,  one  above 
another. 

They  are  never  capped  with  uplifted  coral  reefs  as  are  some  of  the  raised  beaches 
of  Dominica  and  Grenada.  Careful  inquiry  showed  that  there  was  no  limestone  in 
St.  Vincent,  and  tliat  all  the  lime  used  was  obtained  from  Iflocks  of  coral  taken  from 
the  living  reefs  along  various  parts  of  the  shore.  Nor,  so  far  as  we  saw,  are  they 
covered  with  deposits  of  lieach  gravel,  as  in  the  more  recent  raised  beaches  of 
Dominica.  This  may  l)e  so  in  some  places,  but  it  cannot  be  by  any  means  common. 
Good  sections  of  these  terraces  are  quite  frequent  on  the  windward  road,  which  often 
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runs  upon  their  surfaces  for  short  distances,  and  these  show  them  to  be  rock  platforms 
carved  by  marine  erosion  out  of  the  tufts  and  lavas  of  the  island. 

The  absence  of  coral  and  gravel  deposits,  the  depth  and  number  of  the  valleys  cut 
across  the  beaches,  the  imperfect  preservation  of  the  lower  ones,  and  the  fragmentary 
condition  of  the  higher,  all  prove  that  they  are  not  of  recent  date,  but  have  been  for 
a  very  long  time  exposed  to  sub-aerial  denudation,  and  are  in  process  of  decay  and 
disappearance.  The  clifts  behind  the  ledges  have  had  their  outlines  softened  and 
rounded,  the  streams  have  cut  deep  channels  in  the  rock  platforms,  reaching  new  base 
levels  at  greater  depths,  and  as  the  valleys  widened  they  have  encroached,  to  a  large 
extent,  on  the  flat-topped  ridges  between.  Any  superticial  accumulations  which 
formed  on  them  have  long  since  disappeared.  They  may,  however,  have  been  quite 
unimportant.  Coral  is  not  very  abundant  around  St.  Vincent,  possibly  because  the 
streams  flowing  through  the  soft  and  weathered  tufls  discharge  great  quantities  of 
mud  into  the  sea,  discolouring  it,  after  heavy  showers,  for  several  hundred  yards 
from  the  shore.  The  surf,  which  constantly  beats  on  the  weather  side  of  the 
island,  has  carved  a  broad  submarine  plateau  opposite  the  headlands.  In  the  bays 
and  across  the  stream-mouths  sand  and  gravel  gather,  but  on  the  points  between  the 
bays  there  is  usually  no  beach,  but  only  a  flat  platform,  all  awash  and  covered  by  the 
sea.  It  is  on  these  headlands  that  the  old  raised  beaches  are  most  conspicuous,  and 
in  such  situations  there  is  no  mistaking  their  meaning.  As  seen  in  profile  they  have 
mostly  a  slight  but  perceptible  slope  towards  the  water.  In  section  parallel  to  the 
coast  they  are  sensibly  horizontal.  But  in  the  sides  of  the  valleys  and  up  the 
stream-courses  it  is  far  less  common  to  find  these  beaches  well  preserved.  For  this 
there  are  several  reasons.  The  cutting  power  of  the  sea  is  least  in  these  places,  and 
accumulation  of  gravel  is  more  common  than  erosion  and  removal  of  the  solid  rock. 
Rock  ledges  may  never  have  been  cut,  or,  if  cut,  must  have  been  quite  small.  Any 
gravel  beaches  formed  in  such  bays  would  be  rapidly  carried  away  by  the  streams 
which  took  possession  of  them  when  the  sea  retreated.  Moreover,  it  seems  probable 
that  the  lower  courses  of  most  of  the  less  important  streams  are  subsequent  to  the 
terraces  and  have  been  carved  out  of  them,  so  that  in  the  formation  of  the  stream- 
valleys  the  beaches  must  have  been  removed  by  erosion. 

Further  evidence  of  the  great  age  of  these  features  is  aflbrded  by  the  dejjth  to 
which  the  rocks  composing  them  have  weathered  under  the  attack  of  atmospheric 
agencies.  On  the  leeward  side  of  St.  Vincent,  and  everywhere  also  in  the  higher 
elevations,  although  decomposition  is  rapid,  there  are  abundant  exjjosnres  of  fresh  rock, 
for  the  steep  slopes  facilitate  removal  of  loose  material,  and  landslips  and  the  washing 
action  of  the  rain  keep  the  surfaces  clear.  On  the  lower  grounds  often  a  great  thick¬ 
ness  of  rotted  rock  may  be  found  in  certain  situation.  The  taluses  on  the  valley 
sides,  where  not  exposed  to  the  main  streams,  may  be  very  deep.  The  soft  ash 
weathers  readily  into  a  fine,  friable  dark  soil,  and  after  a  heavy  rainfall  the 
lateral  rivulets  may  cut  into  this  to  depths  of  30  feet  without  exposing  solid  rock 
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beneath,  but  this  is  local.  On  the  windward  side,  however,  it  is  the  exception  to  see 
fresh  rock  exposed  on  the  surface  of  the  terraces.  So  advanced  is  the  decomposition 
that  it  is  often  very  difficult  to  distiiiguish  a  weathered  lava  from  an  ash  bed.  A. 
brown  earth  covers  everything,  fine  as  a  whole,  but  often  full  of  rounded  stones, 
which  are  usually  the  bombs  and  ejected  blocks  of  the  tuffs,  more  resistant  to  deca}' 
than  the  finer  matrix  between.  Occasionally  a  lava  assumes  this  ajDpearance,  and 
then  it  is  only  by  proving  that  all  the  rounded  masses  have  the  same  petrogTaphical 
character,  or  Ijy  finding  that  the  matrix  shows  the  same  porphyritic  crystals  as  the 
harder  kernels  it  incloses,  that  we  can  establish  what  the  rock  was  originally.  The 
presence  also  of  the  red  layer  of  baked  soil  beneatli  the  lavas  often  confirms  the 
diagnosis.  The  more  basic  lavas  weather  spheroidally,  and  the  brown,  rotten  earth 
shows  then  innumeralde  spheroids,  large  and  small,  composed  of  concentric  shells. 
The  weathered  material  is  known  in  St.  Vincent  as  “  Pozzuolana,”  and  is  much  used 
for  dressing  the  surface  of  the  roads. 

On  the  coast,  a  little  south  of  Georgetown,  a  pecidiar  brown  earth  covers  the 
volcanic  rocks  to  a  considerable  depth.  The  road  just  north  of  Colonarie  Point  passes 
beneath  cliffs  of  this  material,  over  50  feet  in  height,  which  continue  up  to  near 
Black  Point.  It  is  dark-yellow  or  brown  in  colour,  soft,  fine-grained,  with  numerous 
l^locks  and  rounded  fragments  scattered  through  it.  Occasionally  it  shows  a  fairly 
good  bedding,  the  division  planes  being  2  or  3  feet  apart.  Some  of  the  larger  stones 
are  vesicular  volcanic  Ijombs,  others  are  pieces  of  various  lavas,  all  of  types  frequent 
in  the  island.  This  dejDosit  contains  no  fossils,  and  apparently  has  not  accumulated 
beneath  water,  for  there  has  been  no  sorting  of  the  materials,  and  the  rough  imperfect 
bedding  is  quite  unlike  that  of  an  aqueous  formation. 

Its  most  significant  feature  is  the  dip  of  the  rude  bedding  planes.  When  the 
material  lies  on  slanting  ground  the  dip  is  down  the  slope  and  parallel  to  the 
surface.  On  the  rounded  backs  of  the  ridges  between  the  valleys  the  beds  lie  flat. 
In  other  words,  the  bedding  shows  an  intimate  relationship  to  the  surface  configuration 
of  the  country.  Not  infrequently  “  unconformabilities  ”  are  to  be  observed  (see 
Plate  22,  fig.  2),  slanting  layers  overlapping  others  nearly  horizontal.  The  nature  of 
the  material  above  such  an  “  unconformability  ”  and  below  it  does  not  differ. 

The  origin  of  this  formation  is  somewhat  of  a  problem.  In  many  features  it 
resembles  a  pulverulent  ash  wdiich  has  been  showered  down  from  above,  and  has 
covered  every  irregularity  of  the  surface  with  a  layer  of  fine  ejecta.  Each  bed  might 
be  supposed  to  represent  an  eruption,  and  the  larger  fragments  might  be  bombs  and 
ejected  blocks.  Such  loosely  aggregated  ash  might  be  expected  to  be  especially 
liable  to  rapid  decomposition.  But  a  coating  of  this  nature  would  certainly  be  readily 
eroded  by  the  tropical  rains,  and  washed  off  the  slopes  into  the  valleys.  It  should 
occur  mostly  near  the  Soufriere,  as  that  is  the  only  volcano  in  the  island  which  shows 
any  evidence  of  having  been  in  activity  for  a  long  time  past.  This  deposit,  however, 
is  not  well  seen  on  the  Soufriere,  but  may  often  be  found  in  patches  near  the  south 


SOUFEIERE,  AND  ON  A  VISIT  TO  MONTAGNE  PELFE,  IN  1902.  3(5  9 

end  of  the  island,  and  is  fairly  common  around  Kingstown.  It  is  only  found  on  the  low 
grounds  which  are  covered  with  vegetation.  There  decomposition  goes  on  rapidly, 
but  erosion  and  deportation  are  least  effective. 

A  more  satisfactory  hypothesis  is  that  this  is  a  weathered  rock  rubbish,  which  has 
accumulated  on  the  flatter  grounds  where  the  rain  has  little  power  of  washing  away 
fine  fragments,  especially  as  the  roots  of  the  vegetation  serve  to  hold  the  soil 
together  and  j)revent  its  removal.  When  saturated  with  rain  such  incoherent 
materials  will  tend  to  slip  under  the  action  of  gravity,  and  the  slow  creeping  of  the  soil 
down  the  principal  sloj^es  may  sometimes  give  it  a  roughly-bedded  appearance.  The 
bombs  and  crystalline  blocks  are  the  larger  masses  enclosed  in  the  old  tuffs  from 
which  the  brown  earth  has  mostly  formed.  In  many  respects  it  bears  a  strong 
resemblance  to  the  “  head”  which  covers  the  rocks  in  Cornwall,  only  the  appearance 
of  bedding  is  more  frequent. 

A  fact  of  some  importance  in  connection  with  the  geographical  development  of 


Fig.  1.  Map  of  the  south-east  corner  of  St.  Vincent.  A  line  is  drawn  to  enclose  depths  of  2-1  to  26 
fathoms,  indicating  the  submerged  beach  platform.  The  section  at  the  base  shows  the  coastal  shelf. 
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St.  Vincent  is  the  occurrence  of  a  well-marked  submerged  terrace  off  the  south-east 
coast  of  the  island.  The  soundings  of  the  Admiralty  chart  show  that  opposite  the 
mouth  of  the  River  Yambu  the  sea  bottom  slopes  continuously  down  to  a  depth  of 
150  feet  in  a  distance  of  a  mile,  then  for  nearly  a  mile  the  depth  does  not  perceptibly 
increase,  hut  the  soundings  are  uniformly  24,  25,  and  26  fathoms.  To  seaward  of 
this  flat  ledge  there  is  a  gradual  descent,  and  the  50-fathom  line  is  often  within  a 
mile  of  its  outer  edge.  Thereafter  the  slopes  are  ahnost  precipitous,  and  there  may 
be  only  one-third  of  a  mile  between  the  dejDths  of  200  fathoms  and  of  50  fathoms — 
a  slope  of  nearly  1  in  2  (see  fig.  1). 

Evidently  the  50-fathom  line  separates  a  gentle  slope  from  one  which  plunges  into 
the  depths  which  lie  to  eastward  of  the  lesser  Antilles.  Above  that  line  we  have  a 
surface  which  has  at  some  time  or  other  been  jiart  of  the  land ;  below  that  we  have 
the  face  of  the  great  earth  fold  on  the  crest  of  which  the  Windward  Islands  stand. 
This  is  the  real  boundary  of  St.  Vincent  in  a  strict  geographical  sense.  The  flat 
ledge  with  an  average  depth  of  150  feet  can  only  be  regarded  as  an  old  sea-cut 
terrace.  Like  the  beaches  on  the  windward  shore  it  has  no  relationship  to  the 
geological  structure  of  the  country,  and  the  slojDes  cannot  be  old  escarpments,  as  the 
dips  are  all  seawards.  It  proves  that  the  island  formerly  stood  at  least  150  feet 
higher,  and  was  slightly  more  extensive  in  area  than  at  present. 

Were  it  the  case  that  on  the  windward  side  of  St.  Vincent  there  is  a  well  marked 
series  of  raised  beaches,  while  none  can  be  traced  on  the  leeward  shores,  this  would 
be  sufficiently  remarkable  to  call  for  explanation.  Undoubtedly  there  is  no  stretch 
of  level  ground  on  the  western  coast,  nor  are  there  well-developed  terraces  like 
those  to  be  seen  near  Brighton,  and  elsewhere  to  windward,  and  it  was  not  till 
after  we  had  seen  these,  that  it  was  possible  for  us  to  recognise  and  identify  the  scanty 
remains  of  similar  features  near  Chateaubelair  and  Barrualli  (see  Plate  21,  fig.  2). 
But  even  here  there  are  occasionally  level  stretches  on  the  headlands  at  heights  of 
200  feet  and  more  above  the  sea.  They  are  narrow,  and  are  most  easily  recognised  from 
some  short  distance  out  at  sea,  where  they  appear  as  obvious  breaks  in  the  sloping 
sky-line  presented  by  the  ridges  of  the  spurs.  In  one  or  two  places  (near  Cumber¬ 
land)  two  or  three  can  be  made  out,  one  above  the  other,  with  steeper  intervening 
slojDes  representing  the  old  bluffs  behind  the  shores.  Their  insignificant  development 
is  a  natural  consequence  of  the  sheltered  condition  of  this  coast  line.  Erosion  is 
much  more  rajDid  on  the  windward  side,  where  the  billows,  driven  before  the  trade 
wind,  jjound  steadily  against  the  rocks.  The  land-slopes  on  the  western  side  also  are 
steeper  than  on  the  eastern,  so  that  sub-aerial  erosion  is  more  effective  and  the 
terraces  (originally  smaller)  have  been  more  raj)idly  cut  down  and  effaced.  They 
occur,  as  might  be  expected,  mostly  on  the  rocky  capes,  and  are  never  to  be  seen  in 
the  interior  of  the  bays  and  valleys.  They  extend  probably  to  as  great  a  -  height 
here  as  on  the  other  side  of  the  island,  and  belong  to  the  same  period  of  submergence 
and  marine  erosion. 
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Coastal  terraces  of  another  type,  only  indirectly  connected  with  the  eroded  rocky 
platforms  already  described,  deserve  also  to  be  mentioned  here.  Although  they  cover 
no  very  extensive  area,  they  are  important,  as  on  them  stand  many  of  the  most 
important  villages  and  towns,  as,  for  example,  Kingstown,  Georgetown,  and  Barrualli. 
They  consist  of  alluvial  material  which  has  been  transported  down  the  steep  slopes 
behind  the  shore,  partly  as  taluses  and  landslides,  but  chiefly  by  the  rivulets  and 
streamlets,  which  wash  away  the  fine  earth  after  heavy  falls  of  rain.  Their  upper 
surfaces  are  by  no  means  plane,  but  have  always  a  definite  slope  towards  the  shore, 
and  are  often  somewhat  hummocky,  uneven,  and  rounded,  as  they  consist  of 
coalescing  fans  of  alluvium,  each  of  which  diverges  from  the  streamlet  which  has 
deposited  it.  The  rain  rills  and  small  rivulets  cannot  carry  the  same  load  when  they 
reach  the  gently  sloping  country  at  the  foot  of  the  hills  as  they  did  on  the  hill  sides, 
and  the  material  sinks  and  is  laid  down  as  sheets  of  gravel  and  fine  earth.  This 
deposit  is  often  full  of  vegetable  matter  and  the  calcareous  fragments  of  land  shells. 
It  does  not  seem  to  have  gathered  under  the  surface  of  a  sheet  of  water,  as  it  is  never 
stratified,  and  contains  no  marine  fossils. 

In  that  stretch  of  level  ground  which  lies  at  the  eastern  base  of  the  Soufriere,  and 
stretches  from  Georgetown  to  Overland  Village,  we  have  the  two  types  of  terrace 
blended  inextricably  together  (see  Plate  21,  fig.  1).  Here  are  the  remains  of  the 
old  sea  benches,  much  eroded,  rounded  off,  and  nearly  effaced ;  yet  that  it  is  a  rock 
platform  can  be  proved  in  many  places  by  the  tuffs  and  lava-flows  which  are  exposed 
in  the  stream  sections  and  the  coastal  cliffs.  The  surface  of  these  terraces  is  deeply 
weathered,  and  often  covered  over  by  alluvial  fans  laid  down  by  water  descending  from 
the  higher  grounds.  Shortly  before  we  reached  Georgetown  heavy  rains  had  fallen, 
and  the  fields  of  arrowroot  behind  the  village  had  been  covered  by  flows  of  mud  which 
had  descended  the  slopes  above  Grand  Sable  House.  These  mud  streams  had  done 
great  damage  to  the  crops.  They  had  entered  the  village  and  knocked  down  a 
hut,  in  which  were  two  black  people,  who  were  buried  in  the  falling  ddbris,  and  were 
drowned. 

This  country  is  partly  a  terrace  of  marine  erosion,  partly  a  terrace  of  accumulation. 
It  forms  the  most  extensive  stretch  of  flat  ground  in  the  island,  and  is  now  covered 
with  the  ashes  of  the  eruption  and  the  sand  and  mud  deposited  on  it  by  the  rains. 
Formerly  it  was  the  pride  of  the  island,  as  on  it  stood  many  fine  estates,  and  it  was 
inhabited  by  a  large  and  contented  population.  Georgetown,  which  contains  two 
fine  churches  and  many  good  houses,  was  the  centre  of  trade  for  the  surrounding 
region.  It  is  covered  2  feet  deep  with  ashes ;  the  gardens  of  the  town  and  the 
fields  around  are  desolate  as  a  cinder  heap,  though  here  and  there  the  vegetation 
is  reasserting  itself  There  is  hardly  an  unbroken  pane  of  glass  in  the  whole  town, 
as  nearly  all  were  shattered  by  falling  stones,  and  when  we  were  there  a  large 
part  of  the  population  was  receiving  relief  from  the  funds  at  the  disposal  of  the 
Governor. 
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The  geological  history  of  the  island  of  St.  Vincent,  as  recorded  in  the  rocks 
exposed  to  view  within  its  boundaries,  may  be  summarised  as  follows ; — • 

The  whole  island  consists  of  volcanic  rocks  and  the  products  of  their  disintegration. 
The  only  active  volcano  is  the  Soufriere,  and  all  the  accumulations  may  be  con¬ 
sidered  as  belonging  to  recent  geological  times. 

The  epoch  of  maximum  volcanic  activity  was  a  period  of  elevation  during  which 
the  island  was  certainly  more  extensive  than  at  present.  The  eruptions  were 
sub-aerial.  This  was  followed  by  depression  to,  at  any  rate,  700  feet  below  the  present 
level,  and  during  this  subsidence,  or  the  subsequent  elevation,  a  series  of  rock  terraces 
was  cut  by  the  action  of  the  waves. 

The  elevation  which  followed  was  carried  to  a  stage  at  which  the  land  stood  at 
least  150  feet  higher  than  at  present. 

Since  then  there  has  been  a  second  depression  of  150  feet.  In  all  probability 
this  has  been  the  last  chapter  in  the  island’s  history,  as  the  absence  of  uphfted 
coral  makes  it  unlikely  that  there  has  been  any  recent  elevation. 


The  Soufriere;  its  Configuration  and  Structure. 

In  external  configuration  the  Soufriere  is  a  very  typical  example  of  a  volcanic  cone. 
Nearly  8  miles  across  at  its  base,  it  rises  to  a  height  of  4000  feet,  so  that  the 
average  slope  of  its  sides  is  about  15°.  Its  summit  is  occupied  by  a  large  crater, 
nearly  a  mile  across,  and  this  gives  it  a  rounded  or  flat-topped  apjoearance,  as  seen 
from  Chateaubelair,  which  is  on  its  south-west  side.  To  the  north  of  the  crater  there 
rises  a  semi-circular  ridge,  separated  from  the  crater  wall  by  a  deep  valley,  which  it 
overlooks  in  a  series  of  precipitous  cliffs  of  bare  rock,  nearly  1000  feet  high,  fringed 
with  taluses  of  debris.  This  ridg-e  forms  the  extreme  summit  of  the  mountain,  beino; 
4050  feet  in  height,  while  the  lip  of  the  crater  is  only  3000  to  nearly  3500  feet  high. 
It  surrounds  the  crater  on  the  north  and  north-east  sides,  forming  an  amphitheatre,  the 
inner  side  of  which  is  nearly  vertical,  while  externally  it  slopes  down  to  the  sea  with 
the  conical  form  of  an  eroded  volcano.  This  ridge  bears  exactly  the  same  relationship 
to  the  present  crater  as  Somma  does  to  Vesuvius,*  and  has  undoubtedly  originated  in 
the  same  way  by  some  great  exj)losion,  which  has  blown  away  the  summit  of  the  hill, 
and  left  a  gigantic  depression  nearly  2  miles  in  diameter. 

From  Georgetown  and  the  base  of  the  mountain  on  the  windward  side  the  conical 
shape  is  less  obvious  than  from  Chateaubelair,  though,  so  far  as  our  experience  went, 
it  was  not  often  that  a  clear  view  of  the  summit  could  be  obtained  from  this  quarter, 
as  the  upper  regions  were  nearly  always  veiled  in  cloud.  From  the  sea  to  the  north 
of  the  island  the  appearance  of  the  mountain  is  that  of  a  round-backed  deeply 
furrowed  pile,  in  which  there  is  nothing  to  suggest  strongly  the  volcanic  origin  of  the 

H.  Eeusch,  ‘Nature,’  vol.  66,  p.  132,  June  5,  1902, 
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structure.  But  the  encircling  Somma  wall  overlooking  the  actual  crater  is  so  well 
seen  from  the  south-west  that  one  can  divine  at  a  glance  the  history  of  the  mountain, 
(see  Plate  25,  fig.  1).  It  is  in  the  north-west  quadrant  of  the  hill  that  the  conical 
slopes,  determined  by  the  internal  structure,  are  least  modified  and  most  apparent. 
So  active  are  the  processes  of  erosion  in  the  Windward  Islands,  that  there  is  no  part 
of  the  hill  that  does  not  bear  conspicuous  evidence  of  their  operation.  Deep  ravines 
radiate  out  on  all  sides  from  the  summit,  as  is  indicated  (perhaps  a  little  diagrammati- 
cally)  on  the  Admiralty  chart  (see  Plate  39). 

The  profound  gorges  which  score  the  sides  of  the  volcano  give  it  a  picturesqueness 
which  otherwise  would  have  been  lacking.  When  we  saw  them  they  were  bare  and 
naked,  all  the  green  vegetation  had  disappeared  during  the  eruption ;  only  blackened 
trunks  were  left  to  bear  witness  to  the  tropical  forest  which  had  once  clothed  the 
surface.  But  though  the  mountain  had  lost  in  beauty  and  variety  of  colour,  it  had 
gained  in  interest  and  impressiveness  to  the  geologist.  Every  detail  of  cliff  and  scar 
was  visible  from  a  distance.  The  Soufriere  had  been  one  of  the  beauties  of  the  West 
Indies,  and  travellers  had  come  from  far  to  gaze  on  its  richly-wooded  slopes,  and 
to  see  the  marvellous  lake  which  nestled  in  the  crater  on  its  summit.  To-day  it 
looks  more  like  a  skeleton ;  the  ribs  of  bare  rock  stand  out  everywhere  plainly 
to  be  seen. 

In  more  than  one  respect  the  gorges  on  the  mountain  deserve  the  name  of  canons. 
Some  of  them  must  be  nearly  1000  feet  deep,  and  they  are  often  so  narrow  and 
steep-sided  as  to  render  the  country  almost  untraversable.  We  were  told  that  along 
the  leeward  shore  there  is  an  old  Carib  track,  but  communication  is  kept  up  entirely 
by  means  of  row  boats.  The  mountain  was  very  frequently  ascended,  in  fact  this  was 
one  of  the  commonest  jileasure  trips  for  the  inhabitants  and  tourist  visitors.  But,  as 
already  mentioned,  there  was  only  one  track,  which  served  also  as  the  main  road  from 
Chateaubelair  to  Georgetown.  After  crossing  the  low  ground  it  struck  the  slopes  of 
the  hill  and  ascended  along  the  knife-edges  between  the  ravines.  The  road  was  fairly 
good  for  a  hush  path  in  the  West  Indies,  and  horses  could  be  ridden  along  most  of  the 
way.  As  the  valleys  are  radial,  the  ridges  between  them  swept  right  up  to  the 
edge  of  the  crater,  so  that  the  track  led  up  to  the  lip  of  the  depression,  then  along  it 
for  a  short  space,  and  down  another  spur  to  Lot  1 4  on  the  windward  side.  The  slopes 
on  each  side  were  often  40°,  and  sometimes  still  higher,  and  the  back  of  the  ridges  so 
narrow  that  in  many  places  there  was  only  width  sufficient  for  the  path.  After  the 
eruption,  the  bush  was  all  destroyed,  and  as  the  roots  had  served  to  hold  the  loose 
materials  together,  landslides  were  frequent,  so  that  the  path  was  dangerous  in  one  or 
two  spots,  especially  as  one  never  knew  what  weight  the  new  ashes  which  had 
gathered  on  it  were  able  to  bear  without  slipping.  Except  by  this  path,  it  would 
have  been  a  matter  of  the  greatest  difficulty  to  reach  the  summit,  and  so  dense  was 
the  undergrowth,  and  so  numerous  and  profound  the  ravines,  that  no  one  attempted  to 
explore  the  surface  of  the  hill,  and  few,  except  a  handful  of  wandering  Caribs,  were 
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acquainted  with  any  other  part  of  the  higher  slopes  than  those  adjoining  the 
footpath. 

Another  element  of  danger  is  the  suddenness  and  severity  of  the  rain-showers 
which  send  torrents  down  the  valleys,  which  sweep  everything  before  them.  The 
Somma  wall  beliind  the  crater  can  only  very  seldom  have  been  climbed.  Certainly 
the  white  inhabitants  of  St.  Vincent  are  not  lacking  in  energy  or  enterprise,  but 
we  did  not  meet  anyone  who  had  ever  stood  upon  the  actual  top  of  the  Soufriere. 
During  the  three  weeks  we  spent  at  the  base  of  the  mountain,  we  did  not  once 
get  a  clear  view  of  the  summit  of  this  ridge,  and  to  climb  it  in  a  dense  mist  would 
have  been  not  less  arduous  than  unprofitable. 

Magnificent  sections  are  afforded  by  tbe  sea  cliffs  on  the  leeward  side  of  the 
Soufriere,  between  Morne  Donde  and  Quashie  Point,  and  in  the  deep  ravines  of  the 
Rozeau  Dry  River,  Larikai,  and  other  streams  which  descend  the  mountain  slopes. 
On  the  windward  side  also  there  are  very  fine  inland  cliffs  above  Overland  and  Sandy 
Bay.  We  had  also  frequent  opportunities  of  examining  the  sections  in  the  gorges  on 
the  south  side  of  the  mountain  in  the  course  of  our  ascents  to  the  crater.  As  a 
result  of  our  study  of  all  the  available  exposures,  it  is  clear  that  the  Soufriere  is  a 
massive  volcanic  cone,  consisting  of  alternating  beds  of  lava  and  of  ashes  which  on  all 
sides  dip  outwards  from  the  summit  cratei’S  at  angles  of  12°  to  15°. 

Some  of  the  lavas  are  thick  (50  to  100  feet),  but  on  the  north-west  side  especially 
they  are  thin  and  numerous.  Occasionally  seven  lava  flows  witli  sheets  of  ashes 
between  can  be  traced  above  one  another  in  a  single  cliff  or  the  side  of  a  ravine. 
They  contrast  in  this  respect  with  the  thick  lavas  of  the  southern  end  of  the  island 
and  the  very  massive  accumulations  of  tuff  in  which  they  occur. 

The  centre  from  which  the  lavas  diverge  and  have  proceeded  is  the  summit  of  the 
hill  and  the  craters  which  occur  there.  We  saw  no  evidence  of  parasitic  cones  or 
minor  eruptive  foci.  There  are  also  few  or  no  dykes,  and  intrusive  sheets  are  rare  or 
absent.  There  is  abundant  proof  that  the  eruptions  took  place  on  a  land  surface. 
In  these  respects  the  volcano  is  of  the  usual  Antillean  type,  and  differs  only  from  its 
extinct  neighbours  in  that  its  activity  has  shown  less  of  exjilosive  violence,  and  more 
frequent  gentle  outpouring  of  lava  has  been  habitual  in  their  case. 

The  structural  relationships  of  the  gigantic  crater  of  the  Somma  to  the  present 
craters  within  it  are  not  entirely  understood,  but  as  the  northern  wall  of  the  larger 
of  the  present  craters  is  composed  of  lavas  and  ash  beds  with  a  northerly  dip,  it  seems 
that  a  new  cone  has  been  built  up  within  that  depression  by  repeated  flows  of  lava 
and  showers  of  ash.  On  the  south  side  of  this  crater  are  tufts  and  lavas  dipjjing 
south,  which  must  have  been  emitted  from  the  present  vent,  though  no  line 
of  demarcation  could  be  drawn  between  them  and  the  older  rocks  which  belonc-  to 

to 

*  See  James  Anderson,  “An  Ascent  of  Morne  Garu,”  ‘Phil.  Trans.  Roy.  Soc.,’  vol.  75,  p.  16,  1785. 
F.  A.  Ober,  ‘Camps  in  the  Caribbees,’  1880.  Gilbert  Hawtrey,  “Lost  on  La  Soufriere,”  ‘The 
Wide  World  Magazine,’  vol.  9,  p.  523,  September,  1902. 


SOUFEIERE,  AND  ON  A  VISIT  TO  MONTAGNE  PELEE,  IN  1902. 


375 


that  earlier  cone  in  which  the  great  Somma  crater  had  been  formed.  It  is  possible 
that  the  great  explosion  which  removed  the  summit  of  the  old  hill  left  a  crater  one 
lip  of  which  was  more  than  1000  feet  lower  than  the  other,  and  on  this  lower  lip  the 
present  craters  have  built  up  their  later  cone.  Or  it  may  be  that,  after  that  par¬ 
oxysm,  the  hill  j^resented  the  appearance  of  a  breached  cone  with  a  wide,  open  trough 
facing  the  south,  and  that  the  actual  craters  stand  on  the  line  of  this  fissure. 

The  great  valley  which  has  already  been  described  as  lying  on  the  south  side  of  the 
Soufriere,  between  it  and  the  Morne  Garu,  is  deserving  of  special  description,  as  it  is 
here  that  the  ejecta  of  the  recent  eruption  have  chiefly  accumulated  (see  Plate  25,  fig.  2). 
It  runs  across  the  island,  and  on  the  west  is  occupied  by  the  Wallibu  and  Wallibu  Dry 
Ptivers,  on  the  east  by  the  Pabaka  Dry  River,  The  dividing  ridge  is  about 
2000  feet  high,  and  is  the  lowest  part  of  the  axial  chain  of  the  island,  so  that  it  is 
quite  jDOSsible  to  regard  the  Soufriere  as  a  detached  mountain  not  directly  connected 
with  the  main  ridge  to  the  south.  The  rivers  mentioned  run  in  narrow  ravines 
which  have  been  incised  in  the  floor  of  an  open  valley,  so  that  it  seems  improbable 
that  as  they  are  at  present  they  are  the  main  factors  in  its  formation.  It  seems 
rather  that  during  some  past  epoch,  when  the  jDhysical  conditions  were  different  from 
what  they  are  now,  this  wide  hollow  was  scooped  out,  and  that  subsequently  the 
present  rivers  have  cut  depressions  in  its  floor. 

It  should  be  remembered  that  this  is  a  structural  dejDression  sejjaratiiig  the  extinct 
and  much  eroded  volcano  of  the  Morne  Garu  from  the  still  active  and  better  preserved 
cone  of  the  Soufriere.  As  such  it  has  been  a  valley  from  the  beginning,  and  is  not 
entirely  to  be  ascribed  to  erosion.  This  is  shown  by  the  dip  of  the  rocks,  which  on 
both  sides  is  towards  the  centre  of  the  valley  (see  Plate  32,  fig.  I).  It  must  have  been 
from  the  earliest  times  one  of  the  main  drainage  systems  of  the  surface  of  St. 
Vincent. 

The  streams  flowing  in  this  depression  appear  to  have  at  some  time  or  other  reached 
a  base-level,  so  that  their  cutting  power  was  in  abeyance  and  their  valleys  broadened 
and  opened  out  laterally.  This  may  have  been  during  the  subsidence,  the  climax  of 
of  which  is  marked  by  the  700  foot  terrace.  Subsequent  elevation  has  enabled 
the  streams  to  deepen  their  courses  and  to  incise  deep  channels  in  the  old  valley 
bottom. 

Another  factor  which  must  have  been  of  im23ortance  in  determining  the  formation 
of  this  trough  is  the  absence  of  any  hard  lava  streams  in  this  part  of  the  Soufriere — one 
of  the  most  perplexing  features  in  the  structure  of  the  mountain  (see  Plate  34,  fig.  2). 
Lava  flows  are  abundant  on  the  north,  the  west,  and  the  east  sides  of  the  volcano,  but 
they  are  not  found  at  the  base  of  the  hill  on  the  south  side,  or  in  the  part  out  of 
which  these  valleys  have  been  eroded,  though  at  higher  elevations  (above  1200  feet) 
they  are  fairly  numerous  and  often  seen  in  the  stream  sections.  As  these  lavas  always 
offer  much  greater  resistance  to  the  deepening  of  the  river  channels  than  do  the  tuffs 
and  agglomerates,  and  generally  stand  out  as  cascades  and  waterfalls,  it  is  easy  to  see 
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why  base  levels  should  have  been  reached  at  an  earlier  date  by  these  streams  than  by 
the  others  in  the  middle  and  south  of  the  island,  which  had  thick  lavas  to  cut  throug-h. 

These  masses  of  tuff  are  faudy  well  stratified,  and  dip  towards  the  south,  j^arallel  to 
the  slopes  of  the  volcano.  They  have  obviously  jji'oceeded  from  the  Soufriere,  and 
appear  to  he  the  latest  rocks  of  the  hill.  They  show  that  the  most  recent  out¬ 
bursts  have  been  of  purely  explosive  type,  and  that  lava  has  not  fiowed  from  the 
craters  for  a  prolonged  period.  The  volcano  has  undergone  a  change  in  the  manner 
of  its  action,  and  has  passed  from  what  may  be  called  a  normal  to  a  virulent  and 
spasmodic  condition.  This  may  indicate  approaching  extinction.  It  is  the  opinion  of 
most  geologists  who  have  studied  the  volcanoes  of  the  Antilles,  that  the  heyday  of 
their  activity  is  over,  and  that  a  general  decadence  has  taken  place.  If  so,  the 
Soufriere,  the  last  of  the  St.  Vincent  volcanoes,  may  be  no  exception  to  the  general 
rule,  and  its  decreasing  vigour  may  have  resulted  in  a  change  in  the  modus  ojoerandi 
of  its  out-bursts. 

It  is  not  easy  to  explain  why  these  latest  tuffs  should  have  gathered  to  thick¬ 
nesses  of  several  hundred  feet  in  this  particular  valley,  and  not  elsewhere  round  the 
cone.  It  may  be  that  since  the  eruption  which  resulted  in  the  formation  of  the 
Somma  wall,  the  ejecta  have  been  discharged  mostly  over  the  lower  or  southern  lip  of 
the  crater,  while  the  lofty  northern  wall  has  protected  the  country  behind  it. 
Possibly,  also,  the  “  sand  avalanche  ”  type  of  eruption  may  have  been  characteristic  of 
the  later  activity,  and  great  masses  of  fine  ash  and  debris,  as  in  the  recent  erujffion, 
may  have  overfiowed  the  southern  rim  of  the  crater  and  lodged  in  the  depression  at 
this  side  of  the  cone.  As  we  shall  see  later,  there  is  historical  evidence  in  support  of 
this  view. 

Of  the  two  craters  of  the  Soufriere,  the  larger  is  known  as  the  “  Old  Crater,” 
while  the  smaller,  which  originated  during  the  eruption  of  1812,  has  for  that  reason 
been  called  the  “New  Crater.”  These  names  are  no  longer  very  appropriate,  as  the 
old  crater  is  that  which  took  the  princi23al  part  in  the  eru|)tion  of  this  year,  while  it 
is  doubtful  whether  any  material  was  emitted  from  the  smaller  or  “  New  Crater.” 
In  this  report  the  larger  or  “  Old  Crater  ”  is  meant  whenever  we  refer  to  the  crater 
of  the  Soufriere. 

This  crater  (see  Plate  37,  fig.  2)  is  very  nearly  circular  in  shape,  and,  according  to 
the  map  (see  Plate  39),  aj^joears  to  have  been  a  little  less  than  a  mile  across  and 
somewhat  smaller  in  the  north  and  south  direction  than  from  east  to  west.  Its  northern 
lij)  was  3623  feet  above  the  sea,  and  about  600  feet  higher  than  the  southern.  But  the 
crater  rim  did  not  sloj^e  regulaily  down  from  its  northern  to  its  southern  side,  but 
was  slightly  serrate  with  alternating  jDrojections  and  de23ressions.  These  are  clearly 
indicated  on  the  Admiralty  chart.*  The  slo23es  on  both  sides  of  this  rim  (which  was 

*  On  the  western  rim  of  the  crater  there  was  a  moderately  deep  notch  leading  into  the  valley  of  the 
Larikai.  This  is  mentioned  by  Mr.  E.  0.  Hovey  (“  Martinique  and  St.  Vincent :  a  Preliminary  Report,” 
‘  Bulletin  American  Museum  of  Natural  History,’  vol.  16,  p.  336,  1902).  We  never  had  a  good  view  of  it, 
owing  to  the  mist  which  hung  around  the  crater. 
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really  a  knife-edge  like  that  of  the  spurs  between  the  valleys)  were  steep,  averaging 
30°  to  40°,  and  were  furrowed  by  rivulet  channels  which  were  shallow,  especially  near 
the  summit  of  the  ridge. The  water  descending  to  the  interior  had  gathered  to  form 
a  large  lake,  rather  more  than  half  a  mile  across,  with  an  outline  which  was  approxi¬ 
mately  circular.  The  funnel  shape  of  the  crater  walls  was  due  to  erosion  Ijy  running 
water  and  to  the  action  of  landslips,  and  not  to  the  accumulation  of  cinders  and  loose 
ejecta  at  the  angle  of  repose  for  such  material.  If  beds  of  ash  dipping  inwards  had 
ever  cloaked  these  slopes,  they  had  been  entirely  removed,  for,  from  tlie  descriptions 
of  those  familiar  with  the  crater  lake  and  from  photographs,  it  is  certain  that  it 
consisted  of  lavas  and  tuffs  dipping  outwards  on  all  sides,  and  presenting  escarpments 
and  talus-covered  edges  to  the  interior  cavity.  It  is  more  likely,  however,  that  the 
crater  walls  had  been  in  large  j^art  vertical  cliffs  which  had  reached  a  condition  of 
stability  by  rej^eated  rock  falls  and  continued  erosion. 

These  rain-furrowed  slopes  were  covered  with  bush  and  short  timber,  Init  it  was  a 
matter  of  no  very  great  difficulty  to  descend  them  to  the  shores  of  the  lake,  though 
in  one  or  two  places  the  lava  sheets  formed  low  vertical  escarpments. 

The  water  of  the  lake  was  greenish  and  opalescent,  prol^ably  from  finely- divided 
particles  of  precipitated  sulphur. t  It  smelt  strongly  of  sulphuretted  hydrogen, 
especially  on  a  hot  day  (hence  the  name  Soufriere),  ljut  was  not  warm  or  even  tepid, 
and  the  adventurous  occasionally  bathed  in  the  lake.  The  level  of  the  surface  is 
given  on  the  chart  as  1930  feet,  so  that  the  southern  wall  was  1100  feet  high, 
and  the  northern  about  1700  feet.  Probably  the  amount  of  water  vaiied  slightly 
with  the  season  of  the  year.  There  was  no  outlet,  but  the  excess  of  rainfall  over 
evaporation  leaked  away  through  the  bedding  planes  and  joints  of  the  surrounding 
rocks. 

The  depth  of  this  lake  is  not  very  accurately  known.  Mr.  P.  Foster  Huggixs,| 
in  1896,  built  a  small  raft  of  logs  and  made  a  series  of  soundings  of  the  crater  lake 
in  that  and  succeeding  years.  He  found  the  depth  at  the  centre  to  be  87T  fathoms, 
and  believes  that  to  the  north  of  this  it  would  have  been  found  to  l)e  still  greater, 
but  he  was  never  able  to  complete  his  soundings  in  that  quarter.  Tlie  underwater 
slopes  were  very  steep,  as  might  be  exjDected  from  the  origin  of  the  lake,  and  on  the 
north  side,  below  the  great  vertical  precipice,  a  sounding  of  43  fathoms  was  obtained 
at  a  distance  of  only  60  feet  from  the  shore.  Apparently  the  floor  of  the  depression 
was  bowl-shaped,  but  not  uniformly  concave,  as  the  deepest  part  lay  to  tlie  north  of 
the  centre.  As  measured  from  the  lower  lij^  of  the  crater  the  total  depth  must  have 
been  over  1600  feet. 

*  F.  A.  Ober,  ‘  Camps  in  the  Caribhees,’  1880,  p.  203. 

t  IIaxs  Reusch,  ‘Nature,’  vol.  66,  p.  132,  June  5th,  1902. 

I  P.  Foster  Huggixs,  ‘  An  Account  of  the  Eruptions  of  the  Saint  Vincent  Soufriere.’  Kingstown, 
St,  Vincent,  1902. 
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The  smaller  or  “  new  crater”  was  really  parasitic  on  the  north-east  lip  of  the  larger. 
They  were  separated  by  a  narrow  saddle,  lowest  in  the  middle,  a  steep-sloped,  knife- 
edged  ridge  which  it  was  considered  dangerous  to  pass  along.  Comparatively  few 
visitors  undertook  the  scramble  along  the  sharp  rim  of  the  inain  crater  to  the  smaller 
one,  which  was  not  so  deep  as  the  principal  crater,  and  its  bottom  was  dry.  The 
diameter  of  the  “new  crater”  was  one-third  of  a  mile  and  the  outline  nearly  circular. 
On  the  north  side  of  tlie  two  craters  was  the  deep  valley,  already  mentioned  as 
lying  at  the  foot  of  the  precipitous  wall  of  tlie  Somma. 

The  crater  lake  of  the  Soufrim’e  is  descriljed  by  all  who  had  the  good  fortune  to  see 
it  as  having  been  a  tiling  of  lieauty.  The  mists  which  roll  across  the  mountain  top 
before  the  steady  trade  wind  too  often  obscured  the  view  and  cheated  the  traveller  of 
the  reward  of  his  arduous  climb.  But  wlifen  the  clouds  lifted,  and  the  sun  breaking 
through  the  veil  shone  on  tlie  pearly-green  sheet  of  water,  reflecting  from  its  ^ilacid 
surface  tlie  swelling  mists  above,  and  set  in  the  sloping  verdant  crater  walls,  like 
an  opal  surrounded  by  emeralds,  the  sight  was  one  the  memory  of  which  was 
cherished  for  a  lifetime. 


THE  EBUPTION  OF  MAY  7tii,  1902. 

Premonitory  Symptoms. 

For  90  years  the  Soufriere  had  slumbered,  and  few  were  living  who  had  seen  it  in 
eruption.  But  in  the  early  part  of  tlie  year  1901,  an  uneasy  feeling  began  to  arise  in 
the  minds  of  those  wlio  dwelt  on  the  flanks  of  the  mountain.  Earthquakes  are  by  no 
means  infrequent  in  St.  Vincent,  though  usually  of  sliglit  severity,  but  in  Februarv 
and  March,  1901,  they  became  so  numerous  around  the  north  side  of  the  volcano 
as  to  awaken  suspicion  that  danger  was  threatened.  There  are  two  settlements  of 
Caribs — the  remains  of  the  original  inhabitants  of  the  island,  most  of  whom  were 
exported,  after  the  close  of  the  Carib  War  of  1796,  to  the,  island  of  (Battan  in  the 
Bay  of  Honduras) — at  Morne  Bonde  on  the  west,  and  at  Sandy  Bay  on  the  north¬ 
east  of  the  mountain.  It  maybe  that  traditions  linger  among  them  regarding  former 
disastrous  eruptions,  or  superstitions  connected  with  the  crater,  for  though  the  Caribs 
are  certainly  not  deficient  in  courage,  they  became  so  apjirehenslve  that  they  peti¬ 
tioned  to  have  their  settlements  removed  to  some  other'  ]iart  of  the  island,  and 
oftrcials  had  to  be  sent  to  cpiiet  their  fears.  There  is  evidence  in  letters  written  to 
the  Kingstown  newspapers  in  March,  1901,  that  general  interest  had  been  awakened, 
and  it  was  widely  known  that  anxiety  was  being  felt  regarding  the  condition  of  the 
volcano. 

Tliese  premonitory  earthquakes  were  accomjianied  by  subterranean  rumblings, 
wliich  appeared  to  come  from  the  interior  of  the  hill.  Apparentlv  they  did  no 
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damage  to  buildings  or  other  structiues,  but  so  much  alarmed  were  some  of  the  black 
labourers  that  the  managers  and  owners  of  estates  had,  in  some  cases,  to  take  steps  to 
allay  their  apprehension  and  encourage  them  to  continue  A\orking  in  the  district. 
They  appear  to  have  been  very  local  and  to  have  differed  greatly  in  intensity  at 
different  jjarts  of  the  hill.  In  the  Carib  Settlement  at  IMorne  Ronde  more  were 
experienced  than  anywhere  else.  Earthc|iiakes  and  noises  continued  through  the 
whole  of  the  ensuing  twelve  months.  They  Avere  neither  violent  nor  loud,  but  Avere 
more  numerous  than  AA'as  usual  for  that  part  of  the  island.  The  Avhite  inhabitants 
regarded  them  Avith  indifference  or  curiosity,  for  as  earthcjuakes  are  by  no  means 
rare  in  St.  Vincent,  the  repeated  small  shocks  felt  during  1901  AA'ere  not  regarded 
as  necessarily  the  precursors  of  a  cataclysm.  There  AA’-ere  some,  hoAvever,  Avho,  aAA’are 
of  the  suddenness  Avith  AA’hich  the  eruption  of  1812  had  broken  out,  could  not  help 
suspecting  that  they  foreboded  another  outburst. 

In  the  latter  half  of  April,  1902,  they  increased  considerably  in  number  and 
intensity.  At  Owia,  on  the  13th  of  April,  at  12.20  p.M.,  there  Avas  a  sharp  shock, 
and  about  that  time  as  many  as  eiglit  tremors  Avere  sometimes  experienced  there  in 
24  hours,  all  slight  and  of  short  duration.  Along  the  Asliole  north-Avest  quadrant  of 
the  hill  the  violence  of  the  earthquakes  in  the  last  AA'eek  of  April,  1902,  Avas  excep¬ 
tional.  They  dislodged  stones  from  the  cliffs  of  lava  and  sent  them  tumbling  doAvn 
the  slopes,  and  occasioned  small  landslips  in  tlie  loose  material  of  the  taluses,  damaging 
the  crops  AAdiich  Avere  planted  there.  On  Monday,  AjAiil  29th,  three  Avell-marked 
shocks  Avere  experienced  at  Windsor  Forest  and  Campobello,  Avhile  at  Morne  lionde 
about  tins  time  eighteen  earthquakes  AA'ere  counted  in  one  day.  It  Avill  be  remembered 
that  the  first  signs  of  actiA'ity  on  Montague  Pelee  Avere  obserA'ed  about  the  23rd  of 
April,  and  that  a  great  earthquake  shook  Guatemala  on  the  18th  April. ^  As  yet 
the  Soufriere  had  sliOAvn  no  symptoms  of  actual  eruption.  Tire  Caribs  at  Morne 
Ronde,  hoAveA'er,  fully  anticijiating  an  outburst,  Avere  preparing  to  eA'acuate  their  houses 
and  flee  to  Chateaubelair  and  othei'  places  of  safety. 

Freliniinury  Stages  of  the  Eruption,  Tuesday,  May  Qth. 

By  1  o’clock  on  the  afternoon  of  Tuesday,  the  6th  May,  there  could  no  longer  be  any 
doubt  that  the  Soufriere  aa^is  in  eruption.  It  is  said  that  din  ing  the  })revious  night 
the  Caribs  had  seen  a  cloud  of  steam  emitted  from  the  mountain  and  a  bright  gloAv 
on  the  summit.  This  is  doubtful,  but  certainly  on  that  morning  tliey  Avere  flocking 
into  Chateaubelair,  and  a  general  anxiety  Avas  aAvakened  in  the  neighbourhood. 

At  Wallibuf  a  rumbling  sound  like  distant  thunder  Avas  heard  from  6  to  8  a.m.  on 
the  6th  May,  and  betAA^een  8.30  and  12  that  forenoon,  seven  distinct  shocks  of  earth¬ 
quake  AA'ere  felt.  These  tremors  Avere  not  experienced  in  Chateaubelair,  Avhich  is  about 

*  ‘Nature,’  a'oI.  66,  p.  150.  1902. 

t  For  the  position  of  'Wallihu  relatively  to  the  Soufriere,  see  Plate  25,  fig.  2. 
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a  mile  further  south.  The  clay  was  very  clear,  aud  the  whole  lip  of  the  crater  could 
be  perfectly  made  out  by  those  on  the  south-west  side  of  the  hill.  From  the  north 
side  the  crater  is  concealed  by  the  Intervening  Somma  wall,  while  the  inhabitants  of 
the  windward  C[uarter  could  see  none  of  the  upper  parts  of  the  mountain  owing  to  the 
thick  trade-wind  cloud  which  covered  them. 

Between  11  a.m.  and  12  noon  the  labourers  on  Bichmond  Estate  noticed  puffs  of 
steam  arising  from  the  crater,  and  reported  the  fact  to  the  manager.  This  seems  to 
be  the  first  trustworthy  observation  of  activity  on  the  jJart  of  the  volcano.  News 
travels  fast  among  the  black  people,  and  word  of  this  was  not  long  in  spreading  to 
the  adjoining  estates.  At  1.30  p.m.  steam  was  seen  by  an  observer  at  Wallibu 
ascending  in  a  great  pillar  which  spread  out  like  a  palm  tree.  It  rose  from  the  centre 
of  the  old  crater.  From  Chateau belair  nothing  suspicious  had  yet  been  noticed,  but 
at  2.40  P.M.  there  was  a  loud  report  like  that  of  cannon,  and  a  great  cloud  of  white 
steam  shot  up  into  the  air  to  an  immense  height.  The  jieople  gathered  in  the  streets 
to  see  the  sti'ange  spectacle.  There  is  an  excellent  system  of  telephonic  communica¬ 
tion  around  the  coast,  and  word  was  at  once  sent  to  Kingstown  by  the  officer  in 
charge  of  the  police  station  at  Chateaubelair,  and  the  news  that  the  Soufriere  was  in 
eruption  was  soon  flashing  over  the  island. 

In  a  very  short  time  Chateaubelair  was  thronged  with  Caiibs  from  Morne  Eonde 
on  their  way  back  to  EoselDank,  a  little  further  south,  Avhere  there  Avas  another  Carib 
settlement.  Some  had  passed  through  earlier  in  the  forenoon,  and  their  fears  had 
been  mocked  at  by  those  Avhom  they  met.  By  5  o’clock  the  village  of  Morne  Eonde 
was  deserted. 

As  the  afternoon  advanced  matters  got  distinctly  more  threatening  in  appearance. 
The  trade-wind  cloud  hovered  as  usual  over  the  mountain,  but  tlie  ridge  on  the 
south  side  of  the  crater  was  visible  from  Chateaubelair.  About  4.30  p.m.  a  big  column 
of  steam  was  seen  to  ascend  from  it,  and  several  ol^servers  remarked  that  at  the  base 
of  this  there  Avas  a  red  gloAv  like  the  reflection  of  fire.  About  half-past  5  o’clock 
tliere  Avas  anotiier  outburst,  and  the  red  reflection  from  the  cloud  Avas  again  A'isible. 
At  6  o’clock  a  tliick  cloud  of  steam  Avas  emitted,  and  from  Wallibu  fire  was  seen 
forming  a  ring  around  the  lip  of  the  crater,  and  a  crackling  sound  Avas  heard,  Avhich 
sounded  like  “  brusli  on  fire.”  A  general  stampede  ensued  in  tlie  Aullages  and 
plantations  of  Wallibu  and  Eichmoiid,  only  a  feAv  remaining  to  look  after  their 
property  and  domesticated  animals.  The  sun  Avas  noAV  setting.  In  Chateaubelair 
all  Avas  animation  and  excitement.  The  little  Aullao'e  Avas  croAvded  Avith  refugees 
from  the  western  base  of  the  liill,  and  the  Avhole  population  Avas  standing  in  the 
streets  and  on  the  beach  watching  the  progress  of  the  eruption.  Mr.  T.  M. 
McDonald,  who  had  received  AA^arning  by  telephone  from  his  manager  at  Eichmoud 
Vale,  that  the  Soufriere  Avas  emitting  steam  clouds,  landed  on  the  beach  a  little  north 
of  Chateaubelair  pier  at  6.30  p.m.  He  says — “The  summit  of  the  Soufriere  AA'as 
enveloped  in  the  usual  Avhite  cloud,  and  at  first  nothing  unusual  Avas  visible.  Within 
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a  minute  or  two  of  landing,  however,  one  of  the  party  exclaimed,  ‘  Soulfiere  is  bursting 
now^,’  and  on  looking  toward  the  mountain  I  saw  enormous  vertical  columns  of  white 
Ampour  being  ejected,  virtually  noiselessly,  and  was  now  quite  convinced  that  an 
eruption  had  been,  and  was  now  taking  place.” 

At  7.30  p.M.  a  great  explosion  followed,  accompanied  by  a  loud  noise  and  by  slight 
earthquakes.  The  discharge  of  vapour  Avas  greater  than  any  of  those  Avhich  preceded 
it.  Mr.  McDonald  notes  that  he  observed  “  tlanie  along  the  whole  line  of  the  top 
of  the  crater,  forming  a  thin  red  sparkling  line  between  the  base  of  the  column  of 
vapour  and  rim  of  the  crater.”"^ 

Thereafter  at  intervals  of  about  two  hours  similar  discharges  took  place,  and  some 
of  them  were  reported  to  be  also  accompanied  by  dame. 

By  means  of  the  telephone,  constant  communication  wars  kept  up  between  the 
police  station  at  Chateaubelah’  and  the  liead  office  in  Kingstown,  and  seeing  that  as 
the  afternoon  and  eA’ening  jjassed  on,  Chateaubelair  AA^as  becoming  more  and  more 
crowded  Avith  refugees,  and  the  excitement  hourly  Ijecame  more  intense.  Captain 
Calder,  the  Chief  Constable,  decided  to  proceed  thither  Avith  an  additional  force  of 
pohcenien.  Dr.  Dunbar  Hughes,  the  district  Medical  Officer,  and  Dr.  Christian 
Branch,  Medical  Officer  at  KingstoAAui,  accompanied  him,  and  the  Avritten  notes 
supplied  to  us  by  these  three  gentlemen  form  a  very  Amluable  body  of  evidence  as  to 
the  course  of  eA^ents  from  this  point  ouAvard. 

Their  boat  aatis  entering  Chateaubelair  Bay  just  about  miduiglit.  The  night  AA'as 
calm  and  clear,  and  on  the  AA^ay  north  they  had  passed  seA^eral  boats  laden  with 
fugitffies  fleeing  soutliAAmrd.  Just  as  they  reached  the  wharf,  a  powerful  ex23losion 
took  jJace.  A  column  of  steam  ascended  “rather  higher  tlian  the  mountain  itself, 
that  is  to  say,  about  4000  feet.”  Dr.  Branch  continues  :  “  The  AA'liole  AAudth  of  the 
mountain  toji  AAms  outlined  AA’ith  leajjing  flames,  red,  and  having  the  same  apjjearance 
as  a  cane  field  on  fire  .  .  .  Immediately,  as  the  flames  died  doAvn,  a  rattling  roar 

like  that  of  burning  canes  reached  us.”  Crqjtain  Calder  describes  it  as  follows  : 
“  The  Avhole  tojj  of  the  mountain  burst  into  flame,  the  long  flashes  of  deeji  red  fire 
travelling  from  the  top  doAviiAvard  in  a  circular  track,  just  like  fire  ljursting  fioin  a 
head  of  smithy  coal  AAdien  fanned  by  a  strong  draugdit  from  the  belloAvs.  Tliis  AAms 
immediately  folloAved  by  an  explosion  as  of  much  lieaAy  ordnance,  dying  aAAmy  in  a 
long-drawn  angry  grumble.”  Dr.  Dunbar  Hughes  compares  tlie  noise  to  the  “sound 
of  a  fast-going  cab  on  cobble  stones,  but  much  exaggerated.”  Tliey  found  the  black 
population  madly  excited,  and  standing  gazing  on  the  mountain.  Dining  the  night 
at  least  two  outbursts  took  place  Avith  a  loud  noise. 

The  results  of  the  observations  made  by  persons  at  Moiiie  Bonde,  Wallibu, 
Bichmond,  Bichmond  Vale,  and  Chateaubelair  (all  on  the  sea  coast  along  the  south¬ 
west  side  of  the  mountain)  during  the  day  and  night  of  Tuesday,  May  6th,  may  be 
summed  up  as  follows  : — The  first  emissions  of  steam  Avere  seen  someAviiat  before 
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mid-day,  and  earthquakes  Avere  ex2:»erienced  about  tlie  same  time  by  those  at  the  base 
of  the  volcano,  ljut  were  local.  A  violent  exjjlosion  alarmed  the  whole  neighbour¬ 
hood  about  2.40  P.M.,  and  no  doubt  remained  regarding  the  reality  of  the  eriqition. 
Others  followed  at  intervals  of  two  or  three  hours,  accomioanied  by  loud  noises,  the 
most  severe  being  at  7  o’clock,  and  at  midnight.  Flames,  or  the  reflection  of  fire  on 
the  steam  cloud,  v’ere  noticed  first  at  4.30  p.:m.,  and  thereafter  were  seen  repeatedly 
bv  various  observers. 

We  shall  now  consider  the  evidence  of  a  j)arty  of  fish  sellers  who  left  Chateaubelair 
and  crossed  to  Georgetown  on  the  forenoon  of  Tuesday.  They  followed  the  track 
already  mentioned  as  leading  uj^  the  crests  of  the  spurs  to  the  lip  of  the  crater.  The 
party  consisted  of  several  black  or  coloured  women  and  one  boy.  Fish  are  obtained 
only  on  the  leeward  side  of  tlie  island,  as  tlie  heavy  seas  on  the  windward  side  render 
small  boats  unsafe,  and  these  women  were  accustomed  regularly  to  cross  the  i.sland, 
and  were  in  consequence  very  well  acquainted  with  the  a23pearance  of  the  j^ath  and  of 
the  crater  under  ordinary  conditions.  We  cross-questioned  them  at  the  refugee  camji 
at  Barrualli,  in  piesence  of  Mr.  T.  M.  ]\IcdJONALD,  Avliose  assistance  was  invaluable, 
as  it  is  only  after  long  acquaintance  witli  tliese  ijeoj^le  that  one  can  enter  into  tlieir 
ways  of  thought  and  understand  their  methods  of  exjjressioii. 

They  left  Chateaubelair  about  6  o’clock  in  the  morning,  and  in  ordinary  course 
must  have  reached  the  edge  of  tlie  crater  Ijetween  10  and  11  a.m.  Tliev  had  no 
reason  to  susiDect  that  an  eriqjtion  was  imminent  till  they  were  just  below  the  summit, 
when  they  heard  rumbling  noises,  and  felt  the  hill  shaking.  The  smell  of  sulphur 
(sulj^huretted  hydrogen)  from  the  lake  was  much  stronger  than  usual,  and  on  looking 
down  into  the  crater  they  saw  that  the  water  was  much  discoloured,  in  2)laces  red,  in 
other  ^jlaces  milky,  but  elsewhere  bluish-green,  as  usual.  “  One  part  milk,  one  part 
blood,  rest  all  same  as  before.”  The  red  colour  was  probably  due  to  the  .stirring  up 
of  de^^osits  of  reddish  sand,  which  would  be  jjroduced  by  the  weatheiing  of  the  red 
ash  beds  in  the  crater  -wall;  the  inilky  water  owed  its  colour  to  the  de})Osits  of  fine 
preci|)itated  sul2)hur  which  must  have  gathered  on  the  lake  bottom  since  the  last 
eruption.  They  all  state  that  the  level  of  the  lake  was  almost  the  same  as  l)efore, 
tliat  no  overflow  had  taken  jd^ce,  and  that  within  the  crater  the  bush  was  withered 
but  not  burnt. 

All  agreed  that  the  water  Avas  boiling  and  steaming  strongly,  especially  in  the 
centre  of  the  lake.  Some  say  they  saAv  stones  being  tliroAAm  up,  but  several 
Avitnesses  maintained  that  they  saAv  a  stone  in  the  centre  of  the  lake,  and  it  Avas 
ai'ound  this  that  the  sdeam  AA-as  rising.  The  last  statement  is  A-ery  important,  but  its 
meaning  aauII  be  better  discussed  Avhen  the  history  of  the  eruiotion  has  been  traced  a 
little  further. 

Another  AA-oman  travelling  by  the  same  path,  but  in  the  opjAOsite  direction,  passed 
the  crater  about  mid-day.  She  also  saAv  the  AA’ater  discoloured.  It  smelt  strongly  of 
sulphur,  and  Avas  Ijoiling  out  in  the  centre  of  the  lake,  not  at  the  sides.  As  she  Avas 
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descending  on  the  leeward  side  and  was  near  the  “  half-way  tree,”  a  well-known 
landmark,  she  heard  a  loud  report,  and  saw  a  rush  of  steam,  whereupon  she  dropped 
her  basket  and  ran.  This  must  have  been  the  explosion  which  took  place  about 
12.30,  She  saw  no  stones  on  the  path  either  when  ascending  or  descending. 

By  Tuesday  evening  everyone  in  Chateaubelair  and  on  the  leeward  side  of  the 
mountain  was  well  aware  that  the  Soufriere  was  in  eruption.  Boats  had  left  Wallibu 
in  the  afternoon  and  gone  up  aJong  the  coast  as  far  as  De  Volet’s  and  Campobello, 
carrvino-  the  news.  AVindsor  Forest  Estate  was  vacated  on  Tuesdav  nio-lit,  and  it 
was  only  the  scarcity  of  l)oats  which  prevented  all  the  inhabitants  north  of  Chateau¬ 
belair  from  at  once  taking  refuge  in  the  villages  to  the  south. 

But  at  Fancy  and  Owia,  no  trustworthy  intimation  of  impending  danger  had  yet 
been  obtained.  The  crater  cannot  be  seen  from  this  side,  and  the  mountain  was 
capped  with  cloud.  People  were  somewhat  anxious  on  account  of  the  frequency  of 
earthquakes  during  the  previous  weeks,  and  also  because  word  had  reached 
St.  Vincent  that  Montague  Pelee,  in  Martinique,  was  in  a  state  of  activity.  But  so 
far  nothing  had  been  seen  or  heard  which  indicated  that  an  eruption  of  the  Soufriere 
was  actually  in  progress. 

On  the  windward  side,  in  Georgetown  and  the  estates  on  the  C’arib  Country,  there 
was  almost  as  little  apprehension.  Telephonic  messages  had  been  sent  from  Kings¬ 
town  to  police  lieadquarters  at  Georgetown  that  the  people  at  Chateaubelair  had  seen 
steam  arisinij-  from  the  crater.  But  a  dense  trade- wind  cloud  covered  the  mountain, 
the  rumbling  sounds  were  mistaken  for  thunder,  and  in  the  West  Indies  there  is 
always  so  much  untrustworthy  news  in  circulation  that  it  is  not  difficult  to  under¬ 
stand  that  this  unexpected  information  was  received  witli  scepticism.  It  was  believed 
to  be  a  scare  due  to  the  news  from  Martinique. 


The  Forenoon  of  Wednesday,  May  7ih. 

Chateaubelair. — On  Wednesday  morniiig  day  dawned  on  a  scene  of  great  excite¬ 
ment  in.  Chateaubelair.  “  The  usually  quiet  village  resembled  a  hive  of  angry  bees.”* 
Just  about  G  A.M.  (at  sunrise)  there  was  a  large  outburst  of  steam,  and  as  the  forenoon 
wore  on,  the  violence  of  the  activity  increased.  Work  was  at  a  standstill ;  the 
magnificence  of  the  eruption  absorbed  all  attention.  The  last  stragglers  were  coming 
in  from  the  estates  ajid  villages  on  the  leeward  side,  where  few  had  been  brave  enough 
to  remain  overnight,  and  most  of  these,  before  midday,  were  convinced  that  it  was 
advisable  to  take  to  flight. 

o 

During  this  time,  Mr.  T.  M.  McDonald,  of  Ptichmond  Vale,  and  Mr.  Mathes,  who 
was  his  guest,  were  making  constant  observations  of  the  eruption.  From  the 


*  Captain  Calder,  ‘Century  Magazine,’  vol.  Ixiv.,  p.  634,  August,  1902. 
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verandah  of  Richmond  Yale  House  the  upj^er  jDart  of  the  Soufriere  vas  clearly  seen 
The  notes  taken  by  Mr.  McDonald  in  his  pocket-book  have  since  been  jDublished,* 
and  form  a  most  valuable  contemporary  record  of  the  progress  of  events. 

“  No  further  observation  was  noted  at  Richmond  Yale  House  till  shortly  after  6  a.m. 
on  the  7th,  when  a  discharge  took  place  with  the  usual  column  of  thick  vapour,  but 
l)eneath  this  was  a  much  shorter  column  of  almost  dense  black,  and  of  a  heavier 
nature,  as  it  quickly  sub.sided  back  into  the  crater.  This  was  the  fh’st  appearance 
noted  of  what  was  prolmhly  solid  matter  being  erupted,  the  white  vapour  being  no 
doubt  vapour  of  water  only.  At  about  7.4  a.m.  an  enormous  high  column  of  white 
vapour  was  ejected,  and  it  may  be  here  mentioned  that  these  tall  columns  rose  in  a 
very  short  space  of  time — say  about  a  minute — to  heights  of  about  30,000  feet  and 
over,  by  comparison  seven  or  eight  times  the  height  of  the  mountain  (nearly  4000 
teet).  Outbursts  took  place  now  at  shorter  intervals,  and  at  about  10.30  a.:m.  the 
eruption  became  continuous,  enormous  volumes  of  vapour  reaching  to  a  very  great 
height. 

“  11.10  A.M,  At  this  time  there  Avas  thunder  and  lightning,  showers  of  black  and 
heavy  material  could  now  lie  seen  throAA’n  outAA’ards  and  falling  downwards  from  the 
column  of  AAdiitish  vapour,  associated  with  loud  noises  and  more  violent  outbursts. 
From  the  commencement  the  Old  Crater  seemed  to  be  the  scene  of  activity,  but  at 
times  it  seemed  as  though  some  of  the  discharges  proceeded  from  what  is  known  as 
the  NeAv  Crater,  a  little  north-eastwards  from  Chateaubelair.  The  area  of  the  escape 
of  vapour  seemed  now  to  be  extending  in  a  direction  corresponding  Avith  Morne 
Ronde,” 

By  means  ot  Mr.  McDonald’s  notes  and  of  narratiAms  AAdiich  AA'ere  giA’en  us 
by  Captain  Calder,  Dr.  Branch,  Dr.  Hughes,  and  others  AAdio  AA^ere  in  Chateau¬ 
belair  that  forenoon,  and  l^y  Mrs.  Kelly,  and  Mr.  Robertson  (Acdio  was  in  AYalhbu 
till  12.30  r.M.),  it  is  easy  to  arriAm  at  a  fairly  complete  idea  of  Avhat  Avas  going  on. 
Tlie  eruption  AAms  now  assuming  an  acute  phase,  and  the  explosions  followed  one 
another  AAu’th  increasing  rapidity  and  Auolence.  At  first,  the  steam  clouds  emitted 
from  the  crater  folloAved  one  another  at  intervals  of  an  hour  or  less,  and  between  the 
outbursts  the  crater  could  1.)e  seen  genth"  steaming;  but  about  10.30  a.m.  theA"  had 
so  increased  in  number  that  an  enormous  column  of  Ampour  was  rising  from  the  throat 
of  the  A’olcano,  and  spreading  out  in  a  great  mushroom-shaped  cloud  aboA*e  the 
summit  of  the  mountain.  Lightnings  played  incessantly  through  the  steam-cloud, 
accompanied  by  sharp  peals  of  thunder.  Several  of  the  obserA^ers  thought  that  they 
could  distinguish  between  the  thunder  and  the  noises  of  the  mountain,  the  latter 
being  not  so  sharp,  but  loAver  and  more  prolonged.  The  noises  were  not  as  yet  A^ery 
A'iolent,  neither  were  thev  continuous.  At  the  base  of  the  cloud  the  red  glare  was 
often  noticed,  and  some  thought  they  suaa'  flames. 

*  ‘Century  Magazine,’  vol.  Ixiv.,  pp.  639-612,  1902.  ‘The  Sentry,’  NeAvspaper,  IvingstOAvn,  St, 
Vincent,  May  16th,  1902.  See  Appendix  II. 
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Mr.  McDonald  estimates  the  height  to  which  the  steam  shot  upwards  at  30,000 
to  40,000  feet.  Mr.  Darrell  considered  that  a  few  hours  later  it  was  about  8  miles. 
A  more  reliable  estimate  is  probably  that  of  Major  Dodder,  R.E.,  who  observed  the 
cloud  from  the  military  establishment  at  Morne  Fortune,  above  Castries,  St.  Lucia,  in 
the  middle  of  that  afternoon,  and  found  its  altitude  12°  above  the  artificial  horizon. 
As  the  distance  apart  of  these  two  stations  is  about  27  miles,  this  gives  a  height  of 
5|-  miles. 

Fine  ash  was  raining  all  around  the  mountain.  At  Wallibu  the  sugar  mill  was 
working,  but  they  stopped  it  at  9  o’clock  owing  to  the  steady  showers  of  dust.  No 
large  stones  had  yet  fallen,  but  at  the  base  of  the  pillar  of  steam,  dark,  heavy  matter 
was  seen  projected  during  the,  greater  outbursts  and  falling  back  into  the  crater.  It 
was  obvious  that  the  emissions  proceeded  mostly,  if  not  entirely,  from  the  old  or 
larger  crater.  At  mid-day  the  hill  was  still  green,  at  least  on  the  lower  slopes, 
though  the  bush  around  the  summit  had  been  withered  and  Ifiasted  by  the  heat. 
About  1  o’clock  in  the  afternoon  the  epoch  of  maximum  activity  supervened.  The 
noises  were  now  much  louder,  and,  though  not  continuous,  they  accompanied  all  the 
great  outbursts,  wliich  followed  one  another  in  rapid  succession.  Steam  was  seen 
ascending  from  the  valleys  in  tliin  streaks  at  first,  but  afterwards  in  dense  clouds 
which  obscured  the  view  of  the  mountain.  Mr.  McDonald  mentions  that  at  1  o’clock 
he  saw  stones  being  projected  to  windward,  and  again  at  1.30  P.M.,  and  in  great 
numljers  at  1.50.  They  were  carried  up  by  the  steam  column  to  heights  of  thousands 
of  feet,  and  showed  “tails  of  fine  black  matter.”  “Jets  of  fine  black  matter,” 
“showers  of  blackish  material,”  and  “dense  black  uplieavals”  were  also  seen, 
esjDecially  at  12.25  p.m. 

On  Wednesday  morning  the  fish  sellers  who  liad  crossed  to  Georgetown  on 
Tuesday,  started  at  day-break  to  return.  Nothing  had  been  seen  on  the  windward 
side  to  make  them  suspect  what  was  going  on  at  the  crater.  As  they  went  up  the 
path,  however,  near  the  “  River  Bed  ”  (about  a  mile  alcove  Lot  14),  they  noticed  where 
stones  had  fallen  and  indented  the  earth.  This  was  eaily  in  the  forenoon,  probably 
between  8  and  9  o’clock.  They  pushed  on  to  near  the  summit  of  the  hill,  though 
they  heard  noises  and  saw  cracks  in  the  earth,  for  they  little  knew  the  dangers  they 
were  facing. 

The  top  of  the  mountain  was  covered  with  mist,  and  the  foremost  of  them  followed 
the  path  up  to  the  base  of  the  summit  cone.  Some  went  up  to  quite  near  the 
Up  of  the  crater,  or  possibly  even  to  the  actual  edge.  What  they  saw  there  was 
enough  to  dismay  the  stoutest  hearts.  The  lake  they  could  hardly  have  seen,  for  the 
whole  of  the  crater  depression  was  filled  with  dense  steam.  -Tlie  bush  within  tlie 
crater  was  scorched  and  withered.  There  was  a  strong  sulphurous  smell,  and 
rumblings  within  the  crater  mingled  with  the  hissing  sound  of  the  steam  jets.  The 
lip  of  the  crater  near  the  old  rest  house  was  covered  with  “  soft  sulphur,”  that  is  to 
say,  a  coating  of  mud,  probably  sulphurous,  from  the  bottom  of  the  lake.  Some  said 
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they  saw  the  water  of  the  lake,  hut  this  is  more  than  doubtful,  others  that  they 
saw  “  where  the  water  run  over.”  The  top  of  the  hill  was  in  a  continual  tremor. 
They  turned  and  fled  back  along  the  path,  and,  meeting  others  ascending,  told  them 
what  they  had  seen  and  all  returned  together.  As  they  passed  the  estates  by  the 
roadside  they  spread  the  news  that  tlie  Soufriere  was  in  eruption,  and  the  ■  lake  had 
boiled  over.  They  were  received  with  incredulity,  and  when  they  came  to  George¬ 
town  they  were  scofted  at  as  fools  and  cowards. 

Discharge  of  the  Crater  Lake. — It  is  certain  that  the  lake  was  boiling,  though  at  its 
usual  level,  and  in  no  way  much  altered  on  Tuesday  at  mid-day.  That  afternoon  it 
was  reported  at  Chateaubelair  that  the  water  was  at  the  top  of  the  lip  and  running 
over.  This  statement  we  were  not  able  to  confirm  by  evidence  collected  from  eye¬ 
witnesses,  but  no  serious  discharge  can  have  taken  place  that  day  or  the  following 
night.  Mr.  Robertson  was  at  Wallibu,  and  the  valleys  on  the  windward  side  had 
] louses  standing  on  tlie  banks  of  the  streams  and  full  of  people.  The  lake  was  a 
quarter  of  a  square  fhile  in  area  and  at  least  500  feet  deep.  Its  discharge  would 
have  produced  tremendous  floods  of  boiling  water,  much  greater  than  the  heaviest 
of  tropical  rains  could  ever  have  occasioned,  and  such  floods  cpuld  not  possibly  have 
taken  place  without  being  noticed.  Tlie  natural  channel  of  escape  for  the  lake  was 
over  the  lower  or  southern  lip  and  down  the  valleys  of  these  rivei'S,  and  we  may  be 
sure  the  bulk  of  tlie  water  had  not  been  discharged  before  Tuesday  morning. 

It  is  in  every  way  proliable  that  the  first  discharges  of  the  crater  lake  took  place 
during  the  night  of  Tuesday.  Mr.  Morgan,  of  Chateaubelair,  told  us  that  early  on 
Wednesday  morning  large  trees  were  seen  floating  in  the  mouth  of  the  bay  on  which 
that  village  stands,  “as  if  there  liad  been  heavy  floods  in  the  Larikai  River.”  They 
were  uprooted  and  had  lost  their  branches,  but  were  not  burnt,  and  there  had  been 
no  heavy  showers  during  the  night.  Probably  gushes  of  water  liad  flowed  down  that 
valley  or  the  ravine  of  the  Rozeau  Dry  River,  and  swept  before  them  some  of  the 
trees  growing  on  the  slopes.  We  must  remember,  also,  that  the  fish  sellers  who 
were  near  the  lip  of  the  crater  on  Wednesday,  at  about  9  o’clock,  all  agreed  in 
stating  that  they  saw  where  “  the  water  run  over,”  and  that  the  lip  of  the  crater  was 
covered  with  soft  mud  through  which  they  hesitated  to  walk  to  where  the  path 
descends  to  leeward.  About  11  o’clock,  Mrs.  Kelly,  of  Wallibu,  who  was  in  a  boat 
ofl‘  the  mouth  of  the  Wallibu  River,  saw  “  an  upheaval  of  vapour  coming  from  the 
Wallibu  Dry  River,  just  at  the  beach.”  This  is  the  first  mention  of  hot  water  in  any 
of  the  stream  coiirses. 

Of  the  first  explosion  after  day-break,  that  at  6  A.M.,  Mr.  McDonald  states  that 
Ijelow  “  the  usual  tall,  column  of  white  vapour  ”  there  was  “  a  much  shorter  column  of 
dense  black  stufl’  whicli  seemed  heavier,  as  it  quickly  subsided  back  into  the  crater. 
This  was  the  first  appearance  noted  of  probable  solid  matter  being  ejected.”  It  may 
have  been  a  column  of  mud  and  muddy  water  mixed  with  stones.  The  fish  sellers, 
a  couple  of  hours  later,  found  stones  lying  on  the  road  leading  up  Ifom  the  windward 
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side,  but  if  the  crater  still  contained  the  lake,  there  can  he  little  doubt  that  the  larger 
outbursts  would  project  water  and  mud  to  considerable  heights. 

At  11.10  he  notes  that  “the  area  of  escape  of  vapour  seemed  now  to  be  extended 
in  a  direction  corresponding  with  Morne  Ronde.”  In  all  probability  there  was  an 
overflow  of  steaming  water  on  the  south-west  edge  of  the  crater.  It  was  just  about 
this  time  that  Mrs.  Kelly  saw  steam  in  the  Wallibu  Dry  River  near  the  sea. 

At  12.25  “Small  vents  seen  forming  on  slope  near  old  road  and  facing  Richmond 
Vale.  Jets  of  vapour  being  emitted  seemingly  from  them,  then  a  more  violent  out¬ 
burst,  which  appears  to  be  extending  the  crater  towards  the  left  (westwards) ;  dark, 
blacker  upheavals,  as  if  the  side  of  the  crater  toward  Morne  Roiide  broke  away  and 
enlarged  in  that  direction.”  The  floor  of  the  crater  was  now  rising,  and  the  boiling 
water  of  the  lake  was  being  discharged  into  the  streams  on  the  south-west  side  of  the 
mountain.  As  the  hot  water  poured  down  the  valleys  clouds  of  steam  arose,  and  this 
suggested  that  a  fissure  had  opened  and  vents  formed  in  the  ravines. 

Just  about  this  time  (12.30  p.m.)  Mr.  Robertson'  was  leaving  Wallibu.  He  had 
hardly  got  on  board  his  boat  on  the  beach  when  one  of  them  called  out,  “Wallibu 
River  coming  down  on  fire.”  Mr.  Robertson  turned  and  .saw  a  raging  flood  of  hot 
water  tearing  down  the  valley.  He  estimated  its  height  at  30  to  40  feet,  and  states 
that  he  never  had  seen  so  high  a  flood  in  the  river  before.  There  had  been  no  rain 
that  morning  at  Wallibu,  or,  so  far  as  he  knew,  on  the  leeward  side  of  the  mountain, 
to  account  for  this,  and  he  concluded,  naturally,  that  it  was  the  boiling  water  of  the 
crater  lake  pouring  down  the  stream. 

No  doubt  similar  torrents  coursed  down  the  other  streams  on  this  side  of  the 
island,  as  the  Wallibu  Dry  River,  the  Rozeau  Dry  River,  and  perhaps  also  the 
Larikai.  On  the  windward  side  a  little  after  12  o’clock  the  Rabaka  River  came 
down  in  floods  of  boiling  water. 

In  the  light  of  these  facts,  Mr.  McDonald’s  subsequent  notes  may  be  readily 
interpreted. 

“  12.35.  It  seemed  as  if  slope  to  left  of  old  road  up  Soufriere  had  formed  into 
fissure,  as  vapour  was  issuing  from  small  vents,  and  at  12.40  these  fissures  were 
unmistakable,  and  discharges  from  crater  were  extended  to  windward. 

“  12.50.  Enormous  outburst  through  vent  or  front  of  mountain  as  far  as  could 
be  ascertained,  the  mountain  being  largely  enveloped  in  vapour,  &c.” 

This  last  was  probably  the  greatest  discharge,  and  practically  completed  the 
emptying  of  the  lake,  but  again  at  1.25  and  1.33  p.m.  he  mentions  volumes  of  vapour 
arising  from  the  slopes  of  the  hill.  What  was  happening  in  the  Wallibu  and  other 
rivers  on  the  leeward  side  of  the  Soufriere  at  that  time  we  cannot  say,  as  no  one  who 

Mr.  E.  0.  Hovey  was  told  that  “  a  wall  of  water  and  mud  50  or  more  feet  high  (they  compared  it 
with  the  height  of  a  factory  chimney)  came  out  of  the  upper  reaches  of  the  river  (the  Eabaka  Dry  River) 
and  went  out  to  sea.”  “  Martinique  and  St.  Vincent :  a  Preliminary  Eeport,”  ‘  Bulletin  American 
Museum  of  Natural  History,’  vol.  16,  p.  341. 
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was  there  has  survived  to  tell  the  tale.  If  then,  as  we  believe,  the  lake  still  occupied 
the  crater  till  about  1  o’clock  on  the  Wednesday  afternoon,  one  very  curious  fact 
requires  to  be  explained.  There  can  be  no  doubt  that  the  reflection  of  fire  was  seen  in 
the  steam  cloud  at  5.20  p.m.  on  Tuesday  and  repeatedly  after  that.  All  witnesses 
agree  on  this  point.  It  could  not  have  been  due  to  the  burning  of  the  sulphuretted 
hydrogen  gas,  as  this  gives  a  colourless  flame,  and  after  passing  ujd  through  boihng 
water  would  require  contact  with  sometliing  incandescent  to  ignite  it.  On  the  other 
hand,  it  may  have  been,  and  very  probably  was  in  part,  the  burning  of  the  withered 
bush  which  clothed  the  interior  walls  of  the  crater.  Many  describe  the  fire,  seen  after 
the  great  oidbui’st  at  midnight  on  Tuesday,  as  “  like  fire  running  through  a  cane 
brake.”  On  Tuesday  morning  the  bush  in  the  crater  Avas  green  ;  on  AVednesday 
morning  it  was  l)urnt,  and  it  is  in  every  way  likely  that  some  of  the  “  flames  ”  AA^ere 
due  to  bush  fires.  They  may  have  been  ignited  by  flashes  of  lightning  or  by  incan¬ 
descent  stones  Avhich  had  fallen,  sufficiently  hot  to  set  fire  to  the  timber.  In  the 
latter  case  it  is  necessary  to  suppose  that  a  cone  Avas  built  up  Avithin  the  crater 
sufficiently  high  to  lise  above  the  surface  of  the  lake,  and  that  in  the  centre  of  this 
cone  there  Avas  a  minor  crater  from  which  the  main  explosions  proceeded,  and  in  which 
a  surface  of  molten  rock  was  exposed. 

The  configuration  of  the  crater  floor  beneath  the  AA^aters  of  the  lake  is  not  fulh^ 
knoAvn,  and  it  is  by  no  means  improbable  that  such  a  cone  existed  before  this  eruption, 
but  concealed  from  vieAA^  Descriptions  of  the  crater  as  it  Avas  before  the  eriq^tion  of 
1812,  state  that  within  the  lake  there  Avas  a  conical  hiU  seA-eral  hundi’ed  feet 
high  (see  p.  462).  From  the  eAudence  of  the  fish  .sellers  it  is  clear  that  Meam  AA-as 
rising  only  from  the  centre  of  the  lake,  and  this  Avould  indicate  the  presence  of 
an  orifice  there,  comparatively  near  the  surface.  Moi'eoA’er,  they  stated  that  on 
Tuesday  .stones  Avere  being  cast  up  Avith  the  puffs  of  steam,  and  this  Avould  ineAutably 
tend  to  build  a  cone  around  the  outlet.  In  this  regard  the  eAudence  of  a  little  boy 
Avho  accompanied  these  Avonien  may  be  of  some  importance.  He  stated  that  on 
Tuesday  morning  he  looked  into  the  crater  and  saAv  the  lake  at  its  usual  leA’el,  but 
discoloured  and  boiling  at  the  centre.  Where  the  Avater  boiled  he  “  saAv  a  stone 
floating,”  and  the  Avater  boiled  only  Avhen  it  touched  the  stone.  Though  stringently 
cross-examined,  he  insisted  that  there  Avas  a  floating  stone  on  tlie  surface  of  the 
Avater.  This  may  have  been  the  summit  of  an  interior  cone  just  projecting  at  that 
time  above  the  water  level.  No  red  reflection  Avas  seen  till  at  any  rate  six  hours 
later,  and  by  that  time  the  lake  may  have  someAvhat  diminished,  or  the  cone 
have  l)een  built  up  to  such  a  height  as  to  rise  freely  above  its  surface. 

According  to  the  soundings  pidolished  by  Mr.  Foster  Huggins,  since  Ave  left 
St.  Vincent,  the  depth  of  the  de})ression  increased  on  all  sides  toAvards  the  centre 
aAvay  from  the  shore.  The  Admiralty  chart  shoAvs  the  lake  to  haA’e  been  about  half 
a  mile  in  diameter,  and  as  Mr.  Huggins  gives  the  greatest  distance  from  the  shore  on 
the  north  -east  and  Avest,  sides  to  Avhich  he  carried  a  chain  of  consecutiA^e  soundings 
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as  200  yards,  and  on  the  north  as  20  yards,  there  remains  a  considerable  part  of  the 
central  part  of  the  lake  of  which  the  depth  and  configuration  are  not  known.  No 
trace  of  any  interior  cone,  however,  can  be  found  in  Mr.  Huggins’s  soundings, 
especially  as  he  states  that  the  depth  in  the  centre  was  about  87  fathoms,  and  if 
there  was  none  it  certainly  seems  unlikely  that  comparatively  unimportant  outbursts 
like  those  of  Tuesday,  May  6,  1902,  should  have  built  up  a  new  cone  not  less  than 
500  feet  in  height.  In  that  case  it  may  he  that  the  ruddy  light  was  the  reflection  of  the 
surface  of  molten  lava  exposed  in  cracks  and  fissures  in  the  sides  of  the  crater.  It 
must  be  remembered  that  not  more  than  one-third  of  the  depth  of  the  depression  was 
occupied  by  water,  and  the  level  of  the  lake  on  Tuesday  forenoon  did  not  tlifler 
greatly  from  the  normal.  Mr.  Whymper’s"^  description  of  the  crater  of  Cotopaxi  as 
he  saw  it,  is  of  great  interest  in  this  respect. — “  We  saw  an  amphitheatre  2300  feet 
in  diameter  from  north  to  south,  and  1650  feet  across  from  east  to  west,  with  a  rugged 
and  irregular  crest,  notched  and  cracked ;  surrounded  by  clifts,  by  perpendicular  and 
even  overhanging  precipices — some  hearing  snow,  and  others  apparently  encrusted 
with  sulphur.  Cavernous  recesses  belched  forth  smoke  ;  the  sides  of  cracks  and 
chasms  no  more  than  half-way  down  shone  with  ruddy  light ;  and  so  it  continued  on 
all  sides,  right  down  to  the  bottom,  probably  1200  feet  below  us . ” 

The  Northern  and  Eastern  sides  of  tiie  Mountain. — Apprehension  and  anxiety 
jDrevailed  among  the  inhaljitants  of  the  north  shore  of  the  island  during  the 
forenoon  of  Wednesday.  About  10  or  11  o’clock  boats  arrived  to  take  away 
some  of  tlie  people,  and  they  brought  news  that  from  Chateaubelair  the 
Soufriere  had  been  seen  giving  off  clouds  of  steam,  and  that  a  red  glow  had 
been  visible  on  the  summit  dining  the  previous  night.  About  1  ]  o’clock  thick  dark 
grey  clouds  were  noticed  over  the  summit  of  the  SoufriMe.  As  seen  from  Fancy 
“  they  continued  to  increase  and  ascend  higher  in  the  air  and  assume  the  form  of 
flowers  bursting  into  bloom,  the  dark  ashen-grey  clouds  lieing  interspersed  with 
streaks  of  silver.  Simultaneously  there  were  earthquakes,  severe  rumbling  noises, 
and  flashes  of  lightning.  The  volumes  of  smoke  seemed  to  take  a  north-easterly  course, 
and  as  the  day  was  calm  their  progress  in  that  direction  was  not  impeded.”! 

Mr.  Dux,  of  Owia,  reports  that  he  heard  noises  at  10.15  A.M.,  12.30  P.M.,  and 
12.45  P.M.  The  first  was  like  the  rumbling  of  a  heavy  goods  train,  but  the  second 
sounded  like  a  great  explosion,  and  left  no  doubt  in  his  mind  of  the  reality  of  the 
eruption.  They  were  accompanied  by  earthquakes,  and  about  11  o’clock  a  little  rain 
fell  containing  fine  particles  of  ash. 

On  the  windward  side  the  night  of  Tuesday  had  passed  without  anything  having 
been  seen  which  indicated  the  proximity  of  danger.  On  Wednesday  morning  it 
became  widely  known  that  it  was  rumoured  from  Chateaubelair  that  the  Soufriere 
was  in  eruption,  but  in  the  absence  of  positive  evidence  a  general  scepticism  prevailed. 

*  E.  Whymper,  ‘  Travels  amongst  the  Great  Andes  of  the  Equator,’  p.  152.  1892. 

t  Narrative  furnished  by  Mr.  Cubbix. 
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The  fish  sellers  who  crossed  the  island  on  Tuesday  morning  had  reported  that  the 
crater  lake  was  boiling,  and  through  the  night  rumbling  noises  had  been  heard  and 
earth-tremors  felt  in  several  places.  The  black  labourers,  among  whom  evil  tidings 
spread  with  a  marvellous  rapidity,  were  far  from  confident,  and  though  sugar  making 
was  started  as  usiial  on  several  estates,  and  there  was  no  cessation  of  work  anvwhere, 
it  was  thought  advisable  by  some  of  the  managers  to  send  a  party  of  white  men  up  the 
mountain  to  see  what  was  really  happening  there.  This  appears  to  have  been  deter¬ 
mined  on  after  the  receijjt  of  a  message  from  Mr.  Porter,  the  propriotor  of  most  of 
the  estates  in  this  quarter,  at  Kingstown,  that  the  leeward  side  had  been  evacuated, 
and  great  anxiety  was  felt  in  Chateaubelair.  The  party  started  from  Turema  and 
Orange  Hill,  and  rode  up  the  path  to  the  back  of  Lot  14.  There  they  met  the  fish 
sellers  returning  from  tlie  summit  after  their  ineftectual  attemjDt  to  cross  to  the 
leeward  country.  This  must  have  been  about  11  o’clock,  and  fine  ash  was  now  falling 
around  the  lower  slopes  of  the  hill,  so,  partly  for  this  reason,  and  partly  from  the  infor¬ 
mation  given  by  the  fish  sellers,  they  returned  to  Orange  Hill,  and  reported  that  it 
was  only  too  true  that  the  Soufriere,  after  its  long  quiescence,  was  once  more  in 
eruption. 

About  11  o’clock  rain  began  to  fall  containing  particles  of  ash,  and  the  noises  from 
the  mountain  became  louder,  more  frequent,  and  more  threatening.  On  some  of  the 
estates,  work  was  then  stopped,  and  many  of  the  labourers  took  flight  to  Georgetown. 
Others  continued  to  work  till  near  1  o’clock,  when  there  was  a  sharp  fall  of  gravelly 
stones  ;  this  put  an  end  to  all  sugar-making,  and  people  fled  to  their  houses,  or  began 
to  hide  in  the  cellars,  or  the  rooms  of  the  larger  residences  in  which  the  managers 
lived.  Smoke  could  now  be  seen  ascending  in  vast  columns  from  the  crater.  Many 
tried  to  escape  to  Georgetown,  but  when  they  got  to  Rabaka  they  found  the  Dry 
River  there  pouring  down  in  high  flood,  and  the  water  was  so  hot  it  Avas  impossible 
t(^  Avade  across.  There  is  no  bridge  over  this  river,  so  most  of  these  refugees  gathered 
at  Rabaka  House,  but  some  returned  to  their  OAvn  dwellings. 

In  Georo-etown  it  was  not  till  about  11  a.m.  that  it  became  knoAvn  Avith  certaintA^ 

c!)  V 

that  a  catastrophe  Avas  impending.  Mr.  J.  W.  Clarke,  teacher  in  the  GoA-ernment 
school,  has  given  us  an  excellent  account  of  his  experiences  that  morning,  from  which 
Ave  take  the  fblloAving  : — 

“  ITevious  to  the  above-mentioned  date  (7th  May)  there  were  signs  noticed  in  some  places  that  the 
crater  was  in  action,  but  at  Georgetown  there  was  no  sign  observed  till  the  very  day,  in  fact,  one  can 
almost  say  the  very  hour.  On  the  morning  of  the  7th,  reports  of  the  Soufriere’s  activity  were  being 
questioned  for  the  simjrle  reason  above  stated.  Then  women  and  children  went  to  perform  their  various 
regular  duties  ;  everything  appeared  as  usual.  I  kept  my  regular  7  to  9  private  school.  ShortR  after 
9  A.M.,  sounds  resembling  distant  thunder  were  heard,  but  it  was  not  until  10.15  a.m.  when  particular 
notice  was  taken  of  the  sounds,  from  their  long-continued  detonation.  I  was  engaged  marking  mj'  school 
register  of  attendances  from  10.15  to  10.30  a.m.,  during  which  time  the  noise  increased.  At  about  10.40 
there  was  a  distinct  flash  of  lightning  seen  from  the  direction  of  the  mountain,  followed  by  a  crackling 
peal  of  thunder.  At  10.45  I  got  a  little  uneasy,  and  just  at  the  same  moment  I  got  a  message  from 
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Mrs.  Ballantyne,  asking  me  to  send  home  her  daughter,  who  was  then  at  school.  I  hesitated  for  a  few 
minutes,  and,  when  in  consideration  of  what  should  be  done,  another  stroke  of  lightning  followed  by 
heavy  thunder  was  seen.  I  then  complied  with  the  request,  and,  feeling  apprehensive  of  danger,  I  at 
once  went  to  the  manager  of  the  school,  Mr.  H.  B.  Isaacs,  and  suggested  that  the  school  should  he 
dismissed,  and  the  children  sent  home  till  matters  cleared  up.  After  a  few  minutes’  consideration,  the 
suggestion  was  granted,  and  I  hurried  back,  and,  in  a  few  words,  dismissed  the  school. 

“  It  was  now  about  11  A.M.,  and  the  rumbling  noise  still  continued.  About  11.15  drops  of  water 
containing  sulphurous  matter  fell,  and  that  was  the  first  direct  sign  which  told  me  of  the  disturbance  of 
the  Soufriere.  The  water  continued  falling  only  in  drops  here  and  there.  At  this  stage,  very  minute 
particles  of  dust  or  ashes  fell,  but  were  only  observable  on  white  material.  My  boots  at  this  time  were 
besmeared  with  the  sulphimous  matter  mentioned,  as  I  kept  walking  from  one  place  to  another.  At  about 
12  noon  I  was  standing  under  the  galvanised  roof  of  the  Grey’s  store  when  small  pebbles,  about  a  pea 
grain  size,  commenced  to  fall.  This  falling  of  pebbles  continued  for  about  an  hour,  during  which  time 
several  others  along  with  myself  gathered  pebbles  of  the  same. 

“  It  was  about  1.30  P.M.  when  smoke  was  distinctly  seen  issuing  from  the  crater,  and  volume  after 
volume  rose,  only  to  ascend  higher  than  the  former  ;  the  clouds  of  smoke  got  blacker  and  thicker,  and 
each  mass  seemed  to  travel  faster  than  the  first. 

“  At  about  2  P.M.,  pebbles  of  a  larger  size  commenced  falling,  and  it  was  becoming  injudicious  to  move 
about.” 

One  of  the  most  remarkable  features  of  this  eruption  is  the  suddenness  with  which 
it  broke  out.  At  Chateaubelair  steam  was  seen  ascending  from  the  crater  on  Tuesday 
forenoon,  and  the  inhabitants  had  at  least  24  hours’  notice  before  the  volcanic 
activity  assumed  a  dangerous  phase  about  noon  of  Wednesday.  But  everywhere  else 
around  the  mountain  there  was  no  certainty  till  about  11  o’clock  on  Wednesday 
morning — or  only  3  hours  before  the  climax  was  reached,  and  the  great  black  cloud 
swept  from  the  crater  to  the  sea,  burning  and  suffocating  those  in  its  path.  Had  the 
leeward  side  of  the  hill  not  been  clear  of  mist,  so  that  a  view  of  the  crater  was 
obtained  by  those  dwelling  there,  the  loss  of  life  would  certainly  have  been  much 
greater  than  it  was,  for  the  noises  would  have  been  mistaken  for  thunder,  as  they 
were  at  Georgetown. 

That  even  at  Lot  14,  3  miles  from  the  crater,  the  reality  of  the  eruption  was 
doubtful  till  near  mid-day,  jDroves  that  the  outbursts  seen  from  Chateaubelair  up  to 
that  time  were  comparatively  unimportant,  and  consisted  only  of  steam  and  hot 
water,  with  a  little  fine  ash  and  a  few  showers  of  stones.  They  constitute  tlie 
preliminary  stage  of  the  eruption.  Thereafter  the  activity  rapidly  increased  in 
violence.  About  mid-day  the  crater  lake  was  discharged,  and  this  showed  that  the 
upwai'd  pressure  of  the  lava  was  overcoming  the  resistance,  and  forcing  a  path  to  the 
surface.  The  throat  of  the  crater  was  being  cleared.  Vastly  greater  steam  clouds 
now  shot  up  into  the  air,  and  the  noises  of  explosions,  hitherto  comparatively  few, 
became  numerous  and  loud,  while  showers  of  hot  stones  with  trails  of  sparks  began  to 
fall  upon  the  slopes  of  the  cone.  Between  12  o’clock  and  I  o’clock  p.m.  the  hill  was 
still  quite  green  up  to  near  the  summit.  No  serious  damage  had  yet  been  done  to 
the  vegetation,  and  at  Wallibu  and  Lot  14  only  a  thin  film  of  fine  grey  ash  had  as  yet 
fallen,  just  sufficient  to  give  the  vegetation  a  dusty  appearance.  At  Wallibu,  before 
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Mr.  PiOBERTSox  left  at  12.30,  a  few  stones  had  fallen  several  inches  across,  and  as  he 
rowed  away  he  noticed  that  some  were  floating  on  the  surface  of  the  water. 

The  Climax  of  the  Eruption.  The  Descent  of  the  Great  Black  Cloud. 

The  climax  of  the  eruption  was  now  at  hand.  It  came  with  terrible  suddenness. 

With  laconic  brevity,  Mr.  McDoxald  records  it  as  follows  : — 

«/  ^ 

“  1.55.  Ruinl)ling.  Large  black  outburst  with  showers  of  stones  all  to  windward,  and  enormously 
increased  activity  over  the  whole  area. 

“  A  terrific  huge  reddish  and  purplish  curtain  advancing  up  to  and  over  Richmond  Estate. 

“  At  this  stage  left  Richmond  Yale  House  and  hinried  into  and  pushed  off  boat  a  few  minutes  after 
2  P.M.  Saw  vapour  as  we  rowed  hard  across  Chateaubelair  Ray  coming  down  to  sea  level  past  Richmond 
Point.  Sea  peppered  all  round  with  stones,  one  of  which — about  a  cubic  inch — fell  inside  the  boat,  in 
which  were  eleven  persons. 

“  The  huge  curtain  referred  to  was  advancing  after  the  racing  boat,  which  never  seemed  likely  to  get 
out  of  the  range  of  it,  or  the  falling  stones,  which  latter  varied  from  the  size  of  one’s  fist  down¬ 
ward  .... 

“  The  lightning  and  thunder  at  this  time  were  terrific,  and  there  were  noises  inland. 

“  Everything  seemed  to  point  to  a  general  break  up,  both  on  land  and  sea.” 

Thi.s  was  the  outburst  of  the  great  black  cloud,  which,  charged  with  immense 
quantities  of  red-hot  dust,  poured  from  the  crater  and  swe])t  down  the  valleys  to 
the  sea. 

It  will  he  noticed  that  Mr.  McDonald  describes  it  as  reddish  and  purplish.  He 
does  not-  enter  into  particulars  as  to  its  form,  except  that  he  states  that  it  was  like  a 
curtain.  All  who  have  seen  the  side  of  this  cloud  use  exactly  the  same  term  in 
describing  it.  It  resembled  a  curtain  hanging  in  folds,  black,  dense,  solid,  and  well- 
defined.  The  cloud  swept  out  to  sea  over  Eichmond  ;  its  southern  margin  was  over 
the  headland  on  the  south  .side  of  the  mouth  of  the  Eichmond  Eiver.  Eichmond  Yale 
House  stands  in  the  next  valley  to  the  south  of  Eichmond  Estate,  and  it  was  spared 
and  but  little  damaged,  while  Eichmond  was  wiped  out  and  destroyed.  Mr. 
McDonald’s  boat  was  perhaps  half  a  mile  south  of  the  edge  of  the  black  cloud. 
Stones  fell  about  it,  but  there  does  not  appear  to  have  been  great  darkness  for  some 
time  after,  and  he  does  not  speak  of  suftbcating  vapours  or  dust,  or  of  any  very  great 
heat. 

It  is  interesting  to  compare  with  Mr.  McDonald’s  description  the  statements 
made  to  us  hv  some  black  and  coloured  men,  who  were  just  a  little  further  north 
than  Mr.  McDonald,  and  were  caught  in  the  edge  of  the  cloud.  They  had  been 
at  Eichmond  to  remove  their  personal  belongings  to  Chateaubelair,  and  their  boat 
was  returning  when  the  black  cloud  swooped  down. 

The  sea  was  perfectly  calm  and  the  day  clear,  though  there  had  been  a  few  drops 
of  rain  in  the  forenoon.  The  boat  had  just  rounded  the  point  south  of  Eichmond 
Eiver,  and  was  on  the  north  side  of  Chateaubelair  Bay.  The  cloud  struck  them  like 
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a  strong'  breeze,  though,  being  under  the  shelter  of  a  high  spur  of  land,  they  did  not 
feel  it  much.  Still  it  came  over  the  water  with  a  strong  ripple  and  a  hissing  sound, 
due  to  the  hot  sand  falling  into  the  sea  and  making  it  steam.  In  a  moment  it  was 
pitch  dark  and  intensely  hot  and  stifling.  The  cloud  was  highly  sulphurous,  and 
this  irritated  their  throats  and  nostrils,  making  them  cough.  The  heat  was  terrible 
and  the  suffocating  feeling  very  painful.  They  threw  themselves  into  the  sea  to 
escape  burning  by  the  hot  sand.  It  does  not  appear  that  the  surface  of  the  water 
was  boiling  as  it  was  in  some  other  cases.  They  all  dived,  and  when  they  returned 
to  the  surface  the  air  was  still  unfit  to  breathe  and  the  heat  intense.  So  they 
continued  to  dive  rej^eatedh',  but  when  they  came  up  again  the  air  was  almost  as 
l)ad  as  before.  How  long  this  lasted  they  cannot  tell,  but  they  thought  it  might  have 
been  several  minutes.  At  last  they  were  all  utterly  exhausted  and  could  have  held 
out  no  longer ;  then  they  felt  the  air  clearing,  the  heat  diminished,  though  still  very 
great,  and  they  clung  to  the  boat  for  a  few  minutes  before  they  were  able  to  get  into 
it  again. 

One  man  was  not  so  good  a  swimmer  as  the  others,  and  his  strength  was  soon 
exhausted.  He  field  on  to  the  o-unwale  of  the  boat  and  took  the  risk  of  burninsf 
rather  than  of  drowning.  He  described  tons  the  insufferable  lieat  and  the  sulphurous 
smell,  and  he  was  rapidly  hecoming  unconscious  when  the  air  cleared.  The  sea  around 
was  hissing,  and  it  was  so  dark  tliat  two  men  hanging  on  to  the  boat,  side  by  side,  could 
not  see  one  anotlier,  even  thougli  they  coidd  touch.  There  was  a  continuous  loud  noise, 
but  a  person  speaking  in  an  ordinary  tone  of  voice  could  easily  make  himself  heard. 
This  is  a  curious  fact,  for  the  report  of  this  explosion  v'as  heard  at  Barbados.  But 
Mr.  McDoxald  confirms  the  statement.  He  noticed  particularly  that  when  he 
gave  orders  to  his  men  to  launch  the  boat  and  leave  the  shore,  he  did  not  require 
to  exert  liimself  in  the  least  to  make  them  hear  him. 

While  this  man  remained  clinging  to  tlie  gunwale  the  hot  sand  rained  upon 
him.  His  woolly  head  was  wet  and  the  sand,  Avas  cooled  by  contact  with  it,  but 
it  gathered  above  tlie  lobes  of  his  ears,  and  there  the  heat  Avas  sufficient  to  dry 
his  skin  and  produce  painful  burns.  He  told  us  that  AAffien  tlie  cloud  had 
passed  there  aaus  enough  sand  on  his  scalp  to  fill  his  hat  tAvice  over  (the  hat  AAns 
an  ordinary  lound  straA\'  AA'ith  flat  brim).  It  formed  a-  layer  2  or  3  indies  deep. 
The  ash  fell  dry,  there  aaws  no  rain  and  no  scalding  mud.  When  they  got  back 
into  the  boat  they  found  it  nearly  filled  Avith  fine  ash  and  stones,  and  these  AA^ere  so 
hot  that  had  the  boat  not  been  leaky  and  partly  tilled  Avith  AA'ater  it  might  have 
taken  tire.  Yet  these  men  Avere  only  in  the  outer  edge  of  the  cloud.  A  feAV 
hundred  yards  further  north  tliis  cloud  de})oslted  in  some  places  40  feet  of  red- 
hot  sand  in  a  feAv  minutes.  It  Avas  for  this  reason  also  tliat  they  experienced  no 
great  shock  Avhen  the  cloud  struck  them,  and  did  not  feel  it  pass  like  a  strong 
blast,  for  Mr.  McDonald  states,  a  cloud  came  down  Avith  a  liigh  A'elocity.  His 
boat  was  going  at  perhaps  8  or  10  miles  an  hour,  impelled  by  the  frantic  exertions 
A'OL.  CO.— A.  3  E 
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of  a  crew  fleelno-  from  a  dreadful  death.  But  the  cloud  was  travellinof  at  least 
twice  or  thrice  as  fast.  The  curtain-like  lateral  margin  of  the  dense  black  cloud 
was  almost  stationary,  or  consisted  of  gentle  eddies  at  the  side  of  a  rushing  torrent. 

Another  man,  who  was  caught  in  this  cloud  and  survived,  gave  us  a  very  interesting 
narrative  wliich  confirms  those  we  have  been  considerino-.  He  was  comino-  .south  from 

o  o 

Campobello  on  the  north  shore  in  a  boat  with  several  others.  That  morning  he  had 
gone  north  from  Morne  Ilonde  to  rescue  his  family,  and  when  he  got  to  Campobello 
the  people  there  knew  nothing  of  the  eruption.  His  party  left  at  1  o’clock,  and  a 
little  later  they  passed  Windsor  Forest.  This  was  a  grazing  estate,  and  he  saw  that 
all  the  cattle  were  gathered  on  the  beach,  running  to  and  fi’o  and  bellowing  with 
terror.  A  feAv  minutes  later  he  heard  the  sound  of  a  great  explosion  and  saw  a  huge 
black  mass  pouring  out  of  the  Wallibu  and  Larikai  A^alleys  to  the  south  of  him. 
Terrified,  he  started  to  return,  but  at  Baleine  another  similar  cloud  was  rushing  down 
the  ravines  on  the  mountain  side  to  the  north.  No  course  remained  open  except  to 
stand  right  out  to  sea. 

Small  stones  began  to  fall  in  the  boat.  Then  he  was  enveloped  in  dense  darkness 
and  ash  fell,  at  first  wet  but  afterwards  dry  and  quite  cold.  By  this  time  they  were 
several  miles  out  from  the  shore.  Another  boat  was  quite  near  him  when  the  dark¬ 
ness  descended.  It  was  never  seen  again,  but  with  its  occupants  was  totally  lost. 
He  thinks  it  was  filled  with  sand  and  sunk,  for  the  downpour  of  ash  and  stones  was 
so  heavy  that  they  had  to  keep  constantly  bailing  it  out.  “  It  rained  as  fast  as  if 
three  men  were  throwing  in  sand  with  shovels.” 

He  rowed  right  out  to  sea,  and  that  night  the  tide  took  him  to  quite  near  St.  Lucia. 
When  it  turned,  it  carried  him  back  again,  and  next  morning  he  landed  near 
Chateaubelair. 

This  narrative  proves  that  the  black  cloud  swept  over  the  north-west  side  of  the 
mountain,  and  that  here  also  it  poured  down  the  valleys  almost  like  a  torrent  of 
water.  It  was  much  less  dense  in  this  quarter  than  at  Wallibu,  and  when  it  had 
passed  a  few  miles  from  the  shore,  though  laden  with  dust  and  stones,  it  was  quite 
cold,  and  was  moving  so  slowly  that  it  did  not  overturn  his  boat  or  raise  the  sea 
sufficiently  to  make  it  dangerous.  He  did  not  mention  anv  great  smell  of  sulphur, 
but  stated  tliat  the  lio-htnino'  was  terrific,  and  there  was  a  continuous  rumble  in  the 
cloud  “  like  the  inllino-  of  a  harrel.” 

Co 

We  have  also  the  reports  of  several  conqietent  observers  who  saw  the  cloud  from  a 
distance  of  several  miles  as  it  rolled  out  over  the  sea  past  Chateauhelair.  The  Ptev. 
Mr.  Darrell,  of  Kingstown,  in  a  brief  account  of  the  eriq)tion,  which  was  printed  in 
Kingstown  on  May  12,  writes  as  follows  ; — • 

“  e  were  rapidly  proceeding  to  our  destination  when  an  immense  cloud,  dark,  dense,  and  apparently 
thick  with  volcanic  material,  descended  over  our  pathway,  impeding  our  progress  and  warning  us  to 
proceed  no  further.  This  mighty  Imnk  of  sulphurous  vapour  and  smoke  assumed  at  one  time  the  shape 
of  a  gigantic  promontory,  then  a  collection  of  twirling,  revolving  cloud-wliorls,  turning  with  rapid 


SOUFRIERE,  AND  ON  A  VISIT  TO  MONTAGNE  PELTE,  IN  1902. 


395 


velocity,  now  assuming  the  shape  of  gigantic  cauliflowers,  then  efflorescing  into  beautiful  flower  shapes 
some  dark,  some  effulgent,  some  bronze,  others  pearly  white,  and  all  brilliantly  illumined  by  electric 
flashes.  Darkness,  however,  soon  fell  upon  us.  The  sulphurous  air  was  laden  with  fine  dust  that  fell 
thickly  upon  and  around  us,  discolouring  the  sea ;  a  black  rain  began  to  fall,  followed  by  another  rain  of 
favilla,  lapilli,  and  scoriae.  The  electric  flashes  were  marvellously  rapid  in  their  motions,  and  numerous 
beyond  all  computation.  These,  with  the  thundering  noise  of  the  mountain,  mingled  with  the  dismal 
roar  of  the  lava,  the  shocks  of  earthquake,  the  falling  of  stones,  the  enormous  quantity  of  material 
ejected  from  the  belching  craters,  producing  a  darkness  as  dense  as  a  starless  night,  together  Avith  the 
plutonic  energy  of  the  mountain,  groAving  greater  and  greater  every  moment,  comliined  to  make  up  a 
scene  of  horrors.” 

Dr,  Christian  Branch,  of  Kingstow]i,  tvas  in  the  same  lioat,  and  gives  the 
following  description  of  the  scene  ; — 

“  We  did  not  go  far,  for  the  first  point  Ave  rounded  disclosed  a  horrid  black,  solid  Avail  of  smoke  jutting 
into  the  sea,  about  tAvo  or  three  miles  from  us.  It  looked  like  a  promontory  of  solicl  land,  but  it  rolled 
and  tumbled  and  spread  itself  out,  until,  AA'hen  Ave  could  last  see  it  sometime  later,  it  must  have  e.vtended 
quite  8  miles  over  the  sea  to  the  west.  It  aa^s  eAudent  Ave  could  not  go  through  it,  and  if  it  overtook  us, 
as  it  seemed  likely  to  do,  Ave  AAmuld  be  lost  in  darkness,  even  if  nothing  poisonous  A\'as  in  it. 

“  The  island  to  the  north  of  us  and  north-east  Avas  noAv  covered  Avith  a  mighty  black  pall  of  smoke, 
perhaps  tAAm  miles  deep,  and  the  smoke  column  Avas  noAv  a  vast  shapeless  blackness.  Then  began  the 
most  gorgeous  display  of  lightning  Ave  could  conceive.  All  around  us  and  above,  so  near,  that  several 
times  I  saAv  it  betAveen  us  and  the  cliffs  not  200  yards  off.  It  Avas  still  bright  daylight  Avith  us,  but  the 
Avhole  atmosphere  quivered  and  shimmered  Avith  AA’av'y  lines  intersecting  each  other  like  trellice  Avork. 
We  were  encircled  in  a  Inistling  ring  of  fiery  bayonets.  It  aa^s  too  stupendous  to  terrify ;  one  could  only 
marvel  and  feel  nervous.  A  feAV  stones  plumped  in  the  sea  around  us,  and  then  fell  pretty  thickly. 
They  Avere  light  pebbles  for  the  most  part,  and  only  these  fell  in  the  boat.  A  nasty  shoAver  of  mud 
folloAAmd  the  lightning,  and  then  a  long  shoAver  of  gritty  sand.  After  this  a  fog  of  fine  dust  descended, 
and  it  got  darker  and  darker,  until  Ave  could  Avith  great  difficulty  see  the  shore  and  points  along  which 
Ave  steered.” 

On  the  wind  ward  side  of  the  island  the  black  cloud  descended  in  probably  no  less 
volume  than  to  leeward.  Its  main  current  flowed  down  the  valley  of  the  Rabaka 
Dry  River  as,  at  Owia  on  the  north-west  side  of  the  island,  and  at  Georgetown, 
which  stands  well  to  the  south  of  tlie  valley,  its  action,  though  traceable,  was  not 
devastating  or  lethal. 

In  the  Carih  country  work  in  the  fields  had  stopped,  and  in  the  sugar  vmi'ks, 
though  they  were  full  of  people,  no  sugar  making  was  going  on.  Everyone  was 
watching  the  progress  of  the  eruption  in  mingled  fear  and  admiration.  Small  stones 
began  to  fall  after  mid-day,  and  about  half  past  one  in  some  places  there  were 
showers  of  hot  scalding  mud.  Tlie  cattle,  horses  and  mules  Avere  mostly  out  grazing, 
hut  nearly  all  the  people  had  gathered  into  the  more  substantial  buildings,  the 
managers’  houses  or  the  stores  and  cellars  attached  to  the  sugar  Avorks,  though  many 
were  in  their  huts  in  the  villages  adjoining  the  estates.  Some  had  been  struck 
with  falling  stones,  but  as  yet  probably  no  one  was  killed,  and  but  feAv  injured. 

Then,  AAuth  a  loud  roar,  at  2  o’clock  the  great  convulsion  came.  Those  who  Avere 
in  the  open  air  saAv  the  Imge  black  cloud  rolling  doAvn  the  mountain  in  glohulai’, 
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surging  masses.  They  Heel  into  the  houses  and  shut  the  doors.  Onward  it  rushed 
with  a  loud  rumbling  noise  and  tilled  with  lightnings.  Any  who  were  in  the  open 
air  perished  at  once.  Many  of  the  negroes’  huts  were  so  densely  crowded  with  peojde, 
that  there  was  hardly  standing  room.  At  I^ot  14  the  manager  and  his  wife  and 
family  had  shut  themselves  up  in  the  rum  cellar  below  the  house,  and  firmly  closed 
all  dooi's  and  windows.  They  had  a  terrible  experience,  but  they  survived.  All  of 
those  in  the  house  itself  or  in  the  negro  village  were  killed.  It  will  be  understood 
that  as  the  tropical  houses  are  so  built  as  to  secure  free  entrance  of  air,  it  is  almost 
impossible  to  close  them  up  securely,  and  the  suffocating  blast  reacljed  the  interior 
and  stifled  all  who  were  there.  All  tlie  animals  in  the  fields  also  perished. 

At  Rabaka  many  who  were  prevented  from  fleeing  to  Georgetown  by  the  floods  of 
hot  water  in  the  river  had  withered  in  the  manaii'er’s  house.  In  one  larp-e  room  there 
were  fifty  jJeople.  When  they  saAv  the  dark  cloud  coming,  they  firmly  shut  all  the 
windoAVS — fortunately  they  Avere  substantial  and  Avell-glazed — and  eA^eryone  in  this 
room  Avas  saved.  They  felt  the  heat  most  Intense.  It  Avas  quite  dry,  and  there  AA'as 
a  Amry  strong  and  irritating  odour  of  sulphur.  Some  fainted,  but  all  suiwiA'ed.  The 
OA’erseer  told  us  that  from  the  AvindoAv  he  saAv  the  black  cloud  rollinv  on  towards 
them  ;  AAdien  it  reached  the  house  there  AA'as  dai'kness,  and  a  sharp  fall  of  stones  on  the 
roof  The  cloud  rolled  doAvn  upon  the  sea  beloAv  the  house,  and  Avhen  it  struck  the 
AA'ater  it  Avas  “filled  AA'ith  fire. ’’  It  seemed  then  to  rebound  from  the  .surface  of  the 
sea  and  return  toAA'ards  the  building,  and  at  this  time  the  AA'all  of  a  ruined  sugar  store 
was  knocked  doAvn,  probal)ly  by  lightning,  as  nothing  else  Avas  OA'erturned.  It  AA'as 
when  the  cloud  i-eturned  from  the  sea  that  the  suffocating  feeling  Avas  exjjerienced. 
Perhaps  this  Avas  becau.se  it  took  a  little  time  for  the  noxious  gases  to  penetrate  to  the 
interior  of  the  house.  Practically  all  avIio  AA'ere  in  the  negroes’  huts  or  in  the  open  air 
peri.shed. 

At  Orange  Hill  there  Avas  a  large  substantial  stone-built  rum  cellar,  Avhich,  by  the 
orders  of  the  manager,  Avas  left  ojAen  to  aft’ord  a  refuge  for  any  avIio  Avished  to  aA'ail 
themselves  of  it.  About  seventy  croAvded  together  there.  The  avIikIoavs  Avere  not 
shut,  but  tliey  were  small  and  faced  the  sea,  so  that  the  blast  did  not  directly  strike 
them.  One  man  stood  by  the  door  holding  it  ajar,  to  admit  any  aa4io  fled  from  the 
Imts  in  the  village.  Forty  Avere  in  the  cellar,  and  all  Avere  saved.  Thirty  Avere  in  the 
pa.ssage  leading  into  the  cellar,  and  they  AA'ere  all  killed.'"^  None  of  those  suiwiA'ed  aaTio 
remained  in  the  labourers’  huts,  or  Avere  fleeing  to  and  fro  about  the  yard  in  abject 
terror.  Many  shut  them.seh'es  uj)  in  a  store  AA'ith  a  galA'anized  iron  roof  All  died, 
and  AA’ere  found  buried  in  sand  Avith  the  roof  collap.sed  and  fallen  u])on  them.  In  the 

*  Mr.  E.  0.  IIOA’EY  states  that  1.32  persons  Avere  saved  unharmed  in  this  cellar.  (“  Martiniciue  and 
St.  Vincent :  a  Preliminary  Report.”  ‘  Bull.  Amer.  Mus.  Nat.  Hist.,’  vol.  16,  p.  344.)  This  is  an  example 
of  how  divergent  are  the  statements  of  different  Avitnesses  of  the  catastrophe.  Our  informant  AA-as  care¬ 
taker  of  the  estate  in  June,  1902,  and  he  Avas  an  occupant  of  the  cellar  during  the  afternoon  of  the 
eruption.  (See  Appendix  HI.,  p.  547.) 
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under  story  of  the  manager’s  liouse  thirty  people  died.  The  manager  himself, 
Mr.  FFvASEE,  was  found  dead  on  his  verandah  ;  his  wife’s  body  was  lying  at  the  foot 
of  the  steps  leading  up  to  it.  They  seem  to  liave  been  overcome  as  they  were 
returning  from  the  cellar  where  they  had  at  first  taken  refuge.  We  were  told  that 
Mr.  Fraser  complained  that  the  densely  packed  crowd  of  negroes  made  the  atmo¬ 
sphere  uidDearahle,  and  returned  to  his  house  to  get  some  fresh  air. 

At  Turema  the  fatal  cloud  did  its  deadly  work  quite  as  efiectively.  All  who  were 
in  the  manager’s  house,  estimated  to  number  thirty-five,  were  killed.  One  woman 
survived  for  three  days,  and  was  found  by  the  first  seai'ch  parties  who  went  out  from 
Georgetown.  She  begged  for  water  to  drink ;  they  gave  her  some,  and  returned  to 
make  arrangements  to  have  lier  taken  to  the  relief  hospital,  where  she  died  shortly 
after  her  arrival.  In  the  “  Great  House,  ”  or  Mansion  House,  four  were  killed  in  the 
kitclien,  where  the  windows  and  doors  had  not  been  effectively  closed  ;  trvo  shut 
themselves  iqj  in  another  room,  closing  all  apertures  as  thoroughly  as  possible,  and 
they  survived.  All  who  were  in  the  villages  or  fields  perished,  without  exception. 

In  Overland  village  the  loss  of  life  was  terrible ;  hundreds  were  killed.  In  one 
small  shop  by  the  roadside,  in  a  room  j^erhaps  15  feet  square,  eighty-seven  bodies  were 
found.  When  we  saw  this  place  the  ash  around  was  dotted  with  little  hummocks, 
under  each  of  which  lay  a  heap  of  bodies,  but  everything  was  decently  interred,  and 
contrasted  strongly  with  the  charnel  heaps  of  bleaching  skeletons  we  saw  later  on  in 
St.  Pierre.  One  man  whom  we  interviewed  liad  lived  in  this  village  ;  in  his  house 
seven  died,  but  four  or  five  survived.  When  they  saw  the  black  cloud  coming  down, 
they  shut  iq)  all  doors  and  windows  as  tiglitlv  as  possible.  As  the  hot  cloud  approached, 
it  was  red  at  first,  but  changed  into  black  before  it  passed  overhead ;  the  heat  was 
dreadful,  and  the  lightnings  very  vivid.  The  air  smelt  very  strongly  of  sulphur,  and 
their  throats  were  dry  and  parched.  Some  burst  into  spasmodic  couglung  from  the 
irritant  sid2)hurous  acid  and  fine  dust  in  the  air.  Many  cried  out  for  water,  l)ut  in  a 
few  seconds  the  suffocating  feeling  prevented  articidation.  Then  several  threw  up 
their  hands  and  fell  dead.  Others  collapsed,  Imt  lingered  in  some  cases  for  an  hour 
or  more.  ’I’hose  who  survived  state  that  in  a  few  seconds  it  would  have  been  all  over 
with  them.  But  the  air  began  to  clear,  there  was  a  slight  breeze  off  the  sea,  and  the 
windows  on  that  side  were  thrown  open,  and,  with  a  sense  of  great  thankfulness, 
they  inlialed  again  deep  breaths  of  cold  pure  air.  Here,  as  at  Babaka,  those  who  were 
watching  the  cloud  state  that  as  it  struck  the  surface  of  the  sea  it  flaslied  with  fire. 
One  man  showed  us  where  the  back  of  his  fore  arms  had  been  sevei'ely  burned  l)y 
hot  mud  or  asli  which  came  down  with  tlie  black  cloud.  The  parts  of  his  body 
covered  l)y  clothes  were  protected,  but  his  shirt  sleeves  were  lulled  iq3,  and  his  arms 
below  the  elbows  rvere  bare. 

At  Orange  Hill,  Turema,  and  Lot  14,  there  were  large  herds  of  cattle,  horses,  and 
mules.  Every  animal  on  these  estates  perished.  Some  were  suffocated  or  burnt 
extensively  ;  others  had  apparently  been  struck  by  lightning.  They  were  all  in  the 
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fields  or  in  open  pens,  and  not  one  survived.  It  does  not  appear,  liovever,  that 
before  the  great  outburst,  which  took  place  at  2  o’clock,  they  had  shown  any  ijeculiar 
restlessness  as  if  they  were  aware  of  tlie  impending  doom.  At  Windsor  Forest  the 
cattle  had  that  forenoon  been  in  a  state  of  trej)idation,  and  had  fled  to  the  shore, 
where  they  ran  up  and  down,  bellowing  loudly.  Probably  this  was  because  earth 
tremors  and  subterranean  noises  were  more  common  and  more  pronounced  there  than 
in  the  Carib  Country.  At  Wallibu,  about  12  o’clock,  there  was  a  loud  sharp  noise 
accompanying  an  outburst  of  steam,  and  the  earth  shook.  The  house-dog  ran  out  into 
the  open  air  howling  with  terror.  On  the  windward  estates,  however,  it  seems  that 
the  dogs  remained  at  the  liouses  and  hid  themselves,  but  did  not  run  away  or 
endeavour  to  escape. 

Over  the  northern  shore  of  the  island  the  dark  cloud  descended  also,  but  there  its 
velocity  was  less,  and  tlie  devastation  it  jjroduced  much  less  considerable  than  in  the 
valleys  on  the  south  of  the  mountain. 

The  Fancy  estate  lies  almost  due  north  of  the  crater,  and  about  3  miles  distant 
from  it.  It  is  actually  nearer  the  focus  of  eruption  than  either  Wallibu  or  Lot  14, 
tliough  those  two  have  suffered  much  greater  damage.  Mr.  Cubbin,  wdio  was  the 
local  teacher,  has  supplied  us  with  some  interesting  notes  regarding  the  events  of 
tliat  afternoon.  About  2  o’clock  there  was  a  fall  of  stones,  which  increased  in 
severity  till  the  manager,  Mr.  Beach,  considered  it  desirable  to  collect  all  the  people 
on  the  estate  in  a  laru'e  iron-roofed  main  buildinm  Dark  clouds  were  then  seen 
pouring  out  over  the  sea  on  each  side,  and  soon  they  broadened  till  oidy  a  narrow 
passage  w^as  visible  between  them  to  the  north.  “The  mass  of  falling  deljris  seemed 
to  be  closing  in  upon  us,  and  in  a  short  time  it  fell,  enveloping  the  b\nlding  and 
almost  suflocatinv’  the  inmates  ;  durino'  this  time  there  was  almost  total  darkness. 
In  a  few  minutes  there  was  a  glimering  light,  as  at  dusk.  The  houses  in  the  village, 
or  most  of  them,  were  now  observed  to  have  been  demolished ;  this  was  caused  by 
the  falling  debris  and  by  lightning,  and  most  of  the  people  who  i-emained  in  the 
village  were  either  dead  or  fearfully  burnt.  Many  of  them  died  by  next  morning.” 

The  estates  building  was  of  stone  with  galvanised  iron  roof  The  windows  were  all 
closed,  but  tbe  door  was  open  at  the  time  the  cloud  descended,  and  was  shut  by 
the  force  of  the  blast.  All  who  were  in  the  building  were  saved,  but  about  forty 
were  killed  in  the  village.  Those  who  escaped  wei'e  badly  burnt,  mostly  on  the 
hands,  the  feet,  and  the  face,  but  others  also  on  the  parts  protected  by  clothes,  though 
their  clothing  was  not  scoiched  or  ignited.  The  dust  in  the  cloud  was  not  red-hot, 
and  consequently  did  not  set  anything  on  fire,  the  burns  being  apjiarently  due  to 
steam  and  other  gases. 

Much  of  the  damage  done  on  the  Fancy  estate  was  apparently  due  to  lightning. 
Next  moi'iiing,  the  shingles  from  the  roofs  of  the  houses,  and  the  galvanised  roof  of  a 
store,  were  found  dislodged  and  carried  some  distance  away.  The  cloud  came  with  a 
blast,  but  no  one  believed  that  this  was  sufficient  to  produce  these  eflects.  Moreover,  the 
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materials  were  scattered  irregularly,  some  being  found  on  the  beach  below  the  bouses, 
others  on  the  opposite  side  towards  the  hill.  These  facts  all  point  to  the  capricious 
action  of  lightnino’  from  the  cloud. 

Similarly,  at  Turema  and  at  Wallilju,  the  factory  chimneys  were  knocked  down. 
As  at  hotli  places  many  of  the  trees  are  still  standing,  and  as  at  Turema  the  houses 
are  comparatively  little  damaged,  there  can  be  no  doubt  that  the  chimneys  were  not 
overturned  by  the  blast,  and  it  is  generally  believed  to  have  been  the  eftects  of 
lightning.  It  is  j^rohable  also  that  some  of  the  huts  which  were  set  on  tire  were 
really  ignited  in  this  way. 

The  first  reports  of  the  catastrophe  stated  tliat  the  deaths  were  practically  all  the 
result  of  lightning.  This  is  certainly  not  tlie  case,  but  it  is  sufficient  to  show  how 
rapid  were  the  fatal  effects  as  a  rule.  On  the  other  hand,  there  can  he  no  doubt  that 
the  lightnings  were  the  cause  of  many  fatalities.  We  were  told  by  one  man,  who 
was  looking  out  of  the  window  of  the  rum  cellar  at  Orange  Hill,  that  he  saw  a 
woman  starting  to  run  across  the  yard  to  the  building  from  one  of  the  huts.  Tliat 
instant  there  was  a  bright  flash,  and  she  fell  dead.  The  coi’pses  of  some  of  the 
animals  which  perished  in  the  fields  gave  evidence  of  having  been  struck  by  lightning, 
and  everywhere  on  the  devastated  estates  it  Is  easy  to  find  trees  which  show  the 
effects  of  the  same  agency. 

At  Owia,  according  to  Mr.  Effingham  Dun,  small  and  large  pelihles  were  falling 
about  1  o’clock,  and  from  1.30  to  1.45  there  was  a  rain  of  hot  liquid  mud.  At  this 
time  there  was  a  nauseating  odour  of  sulphuretted  hydrogen,  but  it  only  lasted  about 
lialf  an  hour.  It  now  became  very  dark,  and  from  about  2  o’clock  to  3  o’clock  the 
heat  was  almost  suffocating,  "  and  I  had  to  throw  water  about  the  house  to  make 
breathing  possible.”  At  Owia  the  damage  done  was  comparatively  slight.  Tlie  crops 
were  injured  but  not  buried,  and  none  of  the  inhabitants  were  killed. 

That  the  black  cloud  surmounted  the  rampart  of  tlie  Somma  wall,  Avhich  rises  to  the 
north  of  the  crater  and  poured  down  the  northern  slopes  of  the  mountain,  is  most 
cleai'ly  proved  by  the  evidence  of  the  occupants  of  the  boat  already  mentioned,  which 
at  about  2  o’clock  was  off  Windsor  Forest  on  Its  way  from  Campobello  to  Chateaube- 
lair.  They  saw  a  dense,  impenetrable  mass  streaming  down  the  Larikai  and  other 
valleys  to  tlie  south  of  them,  and  turned  to  retrace  their  course,  but  Immediately 
afterwards  a  similar  cloud  was  seen  descending  the  valley  at  Grand  Baleine,  so  being 
caught  between  two  fires,  they  had  nothing  left  but  to  stand  directly  out  to  sea. 
The  Grand  Baleine  Valley  is  the  largest  on  the  north-west  quadrant  of  the  liill, 
and  the  main  volume  of  the  cloud  seems  to  have  coursed  along  It  like  a  fluid. 
Between  this  valley  and  the  estates  of  Fancy  and  Owia  a  series  of  ridges  Intervenes, 
and  these  apparently  sheltered  the  north-eastern  corner  of  the  Island  and  deflected 
the  main  force  of  the  blast.  In  this  quai'ter  tlie  destruction  was  less  complete  than 
in  any  other  section  of  the  hill. 

At  GeorgetoAvn  no  lives  were  lost,  and  it  seems  certain  that  the  deadly  black  cloud 
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did  not  pass  over  the  town.  A  little  after  2  o’clock  the  inhabitants  heard  a  very 
loud  sound  23roceeding  from  the  crater.  This  was  described  to  us  as  “  a  long,  loud, 
mournful,  unearthly,  death-like  roar.”  The  mountain  at  that  time  was  emitting 
an  enormous  column  of  .steam,  which  expanded  and  spread  out  laterally  as  it  ascended 
in  the  air,  and  red-hot  stones  were  tumbling  down  the  slopes,  giving  out  trails  of 
sparks.  A  heavy  fall  of  scoria  and  stones  followed  the  outbur.st.  Darkness  then  set 
in  fairlv  rapidly,  though  hy  no  means  instantaneously,  and  the  rain  of  ash  began.  It 
continued  through  the  whole  evening  and  the  early  part  of  the  ensuing  night. 

The  hrst  estate  north  of  Georgetown  is  Mount  Bentinck,  and  here  also  no  lives  were 
lost,  though  the  fields  were  buried  in  ashes.  Langley  Park  stands  half-a-mile  to  the 
nortli  of  Mount  Bentinck,  and  manv  were  killed  there.  In  the  main  builing  some 
thirty  or  forty  bodies  were  found.  The  liouse  was  being  cleared  of  ashes  when  we 
visited  it,  and  as  they  had  stuck  to  the  surface  of  the  walls,  forming  a  grey  laver 
like  fresli  cement,  it  woiild  seem  that  on  the  edge  of  the  cloud  the  dirst  was  in  some 
places  moist  and  adherent.  This  was  also  the  case  in  Fancy,  where  on  the  morning 
of  Wednesday  it  was  seen  that  the  walls  of  the  houses  were  jilastered  over  to  a 
depth  of  half-an-inch  with  fine  wet  ashes. 

It  is  clear  that  the  Idack  cloud  passed  over  Langley  Park,  and  that  the  fatalities 
which  took  place  there  are  to  be  ascribed  to  its  action.  Mount  Bentinck  and  George¬ 
town  escaped,  and  this  shows  how  sharply  defined  was  the  lateral  margin  of  that 
mass  of  deadly  vapours  and  dust.  It  shows  also  how  harmless  was  the  rain  of  ashes 
from  above,  as  no  one  was  killed  soutli  of  the  limits  of  the  cloud,  though  a  few  were 
Injured  by  falling  stones. 


The  Rain  of  Ashes. 

The  history  of  the  later  stages  of  the  eruption  which  followed  the  descent  of  the 
great  black  cloud  cannot  he  given  with  tlie  same  fulness  and  detail  as  that  of  the 
earlier  phases.  Dar-kness  now  covered  the  mountain  and  much  of  the  surrounding 
country,  and  little  could  be  seen  except  the  flashes  of  lightning  and  the  occasional 
fall  of  red-hot  stones.  Tire  inhabitants  had  shut  themselves  up  in  their  houses,  and 
many  were  engaged  in  succouring  the  wounded  and  dying,  so  far  as  that  was  possible. 
Others  hail  liid  themselves  in  inner  rooms  and  cellars  in  momentary  expectation  of 
a  suddeji  and  painfid  death.  No  man  was  .sure  of  his  life  for  a  moment.  Evervone 
believed  that  most  of  his  neighbours  and  friends  liad  perished.  IMany  dreaded  that 
the  sea  would  invade  the  land  in  nreat  tidal  waves.  The  earth  rocked  and  .shook 

to 

continuou.sly,  and  those  wlio  dwelt  in  the  more  substantial  stone-houses  were  afraid 
that  they  would  fall  on  them.  Tlie  air  and  sky  were  filled  with  lightnings,  which 
quivered  and  jdayed  ince.ssantly.  Many  houses  were  already  on  fire,  and  trees  and 
buildings  were  freipiently  struck.  Fine  ash  and  la])llll  were  raining  down  upon  the 
roofs  of  tlie  hou.ses,  which  were  rattling  under  this  bomhardment.  Every  now  and 
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then  a  fall  of  bigger  stones  would  crash  with  a  loud  noise  on  the  wooden  or  iron  roofs, 
and  not  unfrequently  these  were  perforated  by  large  stones  which  landed  in  the  rooms 
among  the  frightened  survivors.  Those  who  ventured  abroad  protected  their  lieads 
with  pillows  or  pieces  of  wood,  or  even  with  tubs.  The  ground  was  covered  with  a 
layer  of  ashes  which,  though  warm,  could  without  difficulty  be  walked  upon.  The 
air  was  charged  with  fine  falling  dust,  which  irritated  the  nasal  passages,  giving  rise  to 
coughing  and  sneezing.  A  few  remarked  to  us  that  immediately  after  the  great  out¬ 
burst  which  took  place  about  2  o’clock  in  the  afternoon,  the  pressure  of  the  air  seemed 
to  be  increased,  and  the  effect  on  the  tympanic  membranes  of  their  ears  was  such  that 
the  sound  of  the  roaring  of  the  mountain  was  at  times  acutely  painful.  As  we  shall 
see  later,  there  can  be  no  doubt  that  the  eruption  of  the  great  black  cloud  occasioned 
j  a  sudden  rise  of  barometric  pressure.  Dr.  Dunbar  Hughes,  of  Bariaialli,  was  one  of 
the  obsei'vers  who  noted  this  phenomenon. 

Above  all  resounded  the  roaring  of  the  mountain,  and  for  about  two  and  a  half 
hours  in  the  afternoon  the  noise  was  terrible.  Even  at  Kingstowui  it  was  so  loud  tliat 
it  I'esembled  no  sound  with  wdiich  the  observers  were  familiar.  Some  compared  it  to 
the  discharge  of  an  enormous  gun,  except  that  it  was  continuous  and  not  intermittent, 
and  we  wmre  I’eminded  that  amono-  the  Caribs  there  were  old  traditions  regardino;  the 
“Great  Gun  of  the  Soufriere.”  Most  people  descril^ed  it,  however,  as  liaving  a  long, 
drawn-out,  weird,  uneartldv  cljai’acter,  recalling  the  roar  of  a  wounded  animal  in 
intense  pain.  It  is  a  curious  fact  tliat  most  observers  in  St.  Vincent  state  that  it  did 
not  seem  to  tliem  to  be  made  u})  of  distinct  detonations  dr  rejDorts,  or  if  so,  these  were 
so  numerous  as  to  lie  blended  together  without  intermission.  The  sound,  however, 
I'ose  and  fell,  being  at  times  distinctly  much  louder  than  at  others.  At  the  same 
time  in  Barbados,  St.  Lucia,  Trinidad  and  elsewhere,  the  noises  fiom  the  volcano  were 
compared  to  the  reports  of  distant  cannonading,  and  the  intermittent  nature  of  the 
sound  was  one  of  its  distinctive  features. 

The  air  also  was  laden  with  sulphurous  fumes.  Especially  was  this  noticeable 
during  the  passage  overhead  of  the  great  black  cloud,  when  tlie  abundance  of 
sulphurous  acid  (and  also  sulphuretted  hydrogen)  wms  so  great  as  to  produce  an 
intense  feelinu  of  irritation  and  suffocation.  Thereafter  it  seems  to  have  been  much 
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less,  but  continued  more  or  less  through  the  whole  night.  The  suljjhuretted  hydrogen 
attacked  silver  articles,  and  it  was  noticed  in  several  cases  that  the  silver  bracelets  on 
the  arms  of  the  coolie  women  turned  rapidly  black.  At  Kingstown  the  first  fall  of 
ash  was  accompanied  by  a  sulphurous  odour  ;  after  that,  however,  it  was  much  less 
marked.  This  was  also  the  case  at  Barliados,  where  the  sulphurous  smell  of  the  dust 
was  one  of  the  reasons  which  led  to  an  early  and  general  recognition  of  its  volcanic 
character. 

The  intense  heat,  however,  was  even  more  oppressive  than  the  sulphurous  vapours. 
Within  the  precincts  of  the  dark  cloud  it  was  terrible.  The  sufferers  cried  for  water, 
till  the  scorching  of  their  throats  prevented  articulation,  and  they  fell  groaning  to 
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the  groiiiirl.  But  in  all  tlie  district  round  the  volcano,  during  the  earlier  part  of  the 
afternoon,  the  inhahitants  felt  that  the  temperature  of  the  air  was  unusually  high,  and 
rendered  exertion  difficult.  Most  of  them  also  remarked  that  their  throats  were 
parched  and  dry,  and  their  thirst  excessive.  This  may  have  been  the  effect  not  only 
of  the  high  temperature  of  the  air,  but  also  of  the  fine  dust  which  irritated  the 
mucous  membranes.  It  seems  quite  clear  that  the  sudden  discharge  of  enormous 
masses  of  incandescent  sand  into  the  atmosphere  was  sufficient  to  raise  its  tempera¬ 
ture  all  over  the  northern  part  of  St.  Vincent  during  a  period  of  at  least  a  couple  of 
hours.  It  is  unfortunate  that  we  have  no  readings  of  the  thermometer  which  would 
enable  us  to  ascertain  how  far  these  effects  proceeded. 

Bain  does  not  appear  to  liave  fallen  in  abundance  anvwhere  immediately  around 
tlie  hill  that  afternoon  and  night  vdiile  the  eruption  was  at  its  maximum  or  drawing 
gradually  to  a  close.  During  the  morning  and  forenoon  there  were  local  showers, 
especially  on  the  windward  side,  but,  though  they  were  heavy,  they  were  certainl}’ 
not  general.  As  already  stated,  the  climax  of  the  eruption  was  heralded  in  some 
places  by  showers  of  hot  mud,  or  wet,  hot  ashes,  which  scalded  not  a  few  peojjle.  But 
on  the  leeward  side  tire  day  was  essentially  dry,  and  at  Kingstown,  though  the  ash  at 
first  fell  wet,  there  were  no  I'ains  of  any  consequence.  It  is  not  a  little  remarkable 
that  the  discharge  of  such  enormous  quantities  of  water  vapour  into  the  air  should  not 
have  been  accompanied  by  condensation  or  })recipitation  on  a  large  scale ;  but,  what¬ 
ever  may  be  the  reasons  for  it,  the  fact  remains  that  the  great  eruption  of  the 
Soufriere  was  essentially  a  dry  ei'uption. 

Vfhen  tire  great  black  cloud  was  seen  rushing  out  to  sea  past  Chateauhelair,  even 
those  whom  courage,  or  a  sense  of  duty,  or  helplessness,  had  led  to  linger  in  the 
village,  were  struck  with  one  impulse  to  escape.  We  have  some  graphic  narratives  of 
that  flight,  which  give  us  a  picture  of  the  demoralisation  of  the  black  population  and 
the  terrors  of  the  eriq^tion,  so  vivid  as  to  he  worth  reproducing  here.  Dr.  Dunbar 
Hughes  and  Captain  Carder,  who  had  hotli  gone  there  by  order  of  the  Administrator, 
Avere  the  last  to  leave,  and  Captain  Carder’s  account  of  his  escape  is  as  folloAvs"^  ; — 

“When  the  black  people  realised  their  clanger  most  of  them  grew  madlj'  excited,  and  in  a  few  minutes 
everything  in  the  shape  of  a  boat  or  canoe  pushed  off  from  the  shore,  weighted  down  to  a  dangerous 
degree  with  human  freight,  each  one  excitedly  urging  on  the  others.  I  could  then  have  left  with  the 
police  in  our  boat,  but  with  three  or  four  hundred  refugees  on  the  shore  I  cpiickly  determined  that  our 
duty  was  to  remain. 

“  While  I  Avas  speaking  to  the  people  in  the  street,  the  excitement  and  danger  were  increased  by  hot, 
half-melted  stones  falling  from  the  envelojnng  cloud.  I  ordered  everyone  in  the  streets  to  leave  the 
town  at  once,  and.  to  prevent  injury  l»y  falling  stones,  I  directed  them  to  take  old  boards  and 
shingles  from  the  dilapidated  houses  and  cover  their  heads.  Stones  up  to  half  a  pound  in  weight  were 
now  falling,  while  the  suhdiurous  fumes  and  fine  light  dust  rendered  breathing  difficult.  So,  with  at 
least  three  hundred  refugees  in  front,  we  started  out  of  the  Chateauhelair  vallej’,  accompanied  by  the 


*  ‘  Century  Magazine,’  August  1902,  p.  636. 
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prayers  of  some,  the  excited  yelling  of  others,  and  the  feeling  of  despair  of  nearly  all.  Men,  women, 
and  children  of  all  ages  scurried  np  the  steep  hill  as  fast  as  possible,  mothers  urging  on  their 
young  children  hardly  able  to  crawl,  old  men  imploring  the  assistance  of  the  younger  and  stronger, 
each  helping  and  encouraging  the  other,  clearly  showing  the  brotherhood  a  common  danger  engenders. 

“  One  poor  woman,  with  a  brood  of  at  least  eight,  was  ke]3t  behind  by  the  inability  of  the  youngest 
two  to  keep  up  the  pace.  Her  agonised  cry  for  help  I  can  never  foi-get,  nor  the  thankful  smile  I  got 
when  I  picked  them  up,  one  in  each  arm. 

“  By  this  time  the  dense  volume  of  sulphurous  cloud,  which  chased  us  like  a  death  pall,  began  to 
overtake  us,  and  it  was  hard  indeed  to  get  the  people  to  continue  struggling  on.  As  the  darkness 
settled  over  us,  a  storm  of  lightning"  and  thunder  broke  over  our  heads,  and  so  near  were  the  flashes 
that  one  thought  that  each  surely  must  strike  the  people  on  the  road,  especially  as  the  dry  grass  on 
the  hill-sides  was  ignited.  It  would  indeed  be  difficult  to  be  more  uncertain  of  another  minute’s  life  than 
on  that  hill-side  that  dark  afternoon. 

“  As  we  gained  the  summit  of  the  next  mountain,  the  poisonous  dusty  cloud  was  held  in  check  by  a 
steady  breeze  coming  in  the  opposite  direction,  but  for  which  the  death-roll  by  suffocation  must  have  been 
appalling.  I  pushed  on  for  9  miles,  until  I  got  an  opportunity  of  communicating  with  Kingstown,  when  I 
learned  that  sidphurous  dust  and  ashes,  accompanied  by  semi-fused  stone,  had  fallen  there.  The  stones 
measured  on  the  average  at  least  an  inch  in  diameter. 

“  When  aliout  4  miles  from  Chateaubelair,  thiiddng  the  danger  from  falling  stones  had  passed,  I 
removed  the  board  I  had  tied  over  my  head,  and,  as  a  result  of  my  want  of  caution,  I  was  struck  down, 
and  remained  in  a  semi-conscious  state  for  over  half  an  hoim. 

“  It  is  impossible  fitly  to  describe  that  awful  trek  through  a  continual  blaze  of  lightning,  driven,  as  it 
were,  before  that  deadly  and  enveloping  cloud  of  sidphurous  dust  and  ashes.  The  awful  grumbling  and 
rumbling  of  the  volcano  continued  throughout  the  niglit,  and  as  the  morning  dawned,  the  deep  green  of 
the  young  arrowroot  and  cane  plants  had  given  place  to  a  smooth  leaden  colour  of  dust,  several  inches 
deep,  not  a  single  green  leaf  of  any  description  being  visible.” 

Mr.  T.  M.  McDonald  left  Cliateaubelair  liy  boat  about  tbe  same  time  as 
Dr.  Dunbar  Hughes  ami  Captain  Calder  started  out  along  tbe  mad  leading  to  tbe 
soutb.  Ibvo  versions  of  bis  invaluable  diary  have  appeared,  one  in  tbe  ‘  Sentry  ’ 
newspaper  of  King.stown,  St.  Vincent,  on  May  16tb,  1S02,  tbe  otber  in  the  ‘Century 
Magazine’  of  August,  1902,  pp.  638-642.  Tbe  latter  is  somewbat  amplified,  probably 
by  tbe  incorporation  of  notes  given  by  word  of  moutb  to  tbe  reporter.  They  diftei'  in 
several  respects,  but  liotb  are  obviously  copies  of  tbe  brief  notes  taken  in  Ins  pocket 
book  at  tbe  time,  and  these  notes  we  bad  tbe  pi’ivilege  of  discussing  with  bim  on 
several  occasions.  On  tbe  whole,  the  version  of  tbe  ‘  Sentry  ’  adheres  most  closely  to 
the  original.'^  His  statements  are  in  almost  perfect  accordance  with  those  of  tbe 
observers  already  cited.  He  does  not  mention,  however,  the  indraught  or  steady 
breeze  which,  advancing  in  an  opposite  direction,  held  the  great  black  cloud  in  check. 
Not  a  few  of  the  residents  of  Chateaubelair  whom  we  interviewed  when  we  were  there 
bad  remaiked  that  an  opposing  wdnd  sprung  up  from  south  or  south-east,  and  regarded 
it  as  an  important  factor  in  tbe  preservation  of  the  village. 

Of  the  existence  of  a  reverse  current  or  indraught  there  can  be  no  doubt.  That  it 

*  A.S  this  edition  of  the  ‘  Sentry  ’  newspaper  was  out  of  print  in  a  few  days,  a  second  edition  was 
struck  off,  which  also  was  soon  exhausted.  IVe  have  considered  it  advisable  to  pilnt  it  in  the  form  of  an 
appendix  to  this  report.  (See  Appendix  II,  p.  .544.) 
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was  strong  or  persistent  is  quite  unlikely.  Some  refugees  who  fled  in  boats  from 
Chateaubelair  landed  near  Ifosebank  and  fled  precipitately  along  the  road,  leaving 
their  boats  unfastened  in  any  way.  So  calm  was  the  afternoon  and  the  ensuing  night 
that  these  boats  were  found  next  morning  floating  within  a  few  yards  of  the  place 
where  they  were  deserted.  Hence  it  is  clear  that  the  indrauo-ht  cannot  have  been 

O 

vigoi  ous.  That  any  ordinary  current  of  wind  coidd  have  checked  or  altered  the  course 
of  the  great  black  cloud  may  be  I'cgarded  as  in  thehigliest  degree  impi'obable.  When 
it  swept  past  Jlichmond  to  the  north  of  Chateaubelair  it  was  travelling  with  the 
velocitv  of  a  strono-  lueeze  or  ii'ale,  and  was  so  laden  with  dust  that  its  weiHit  must 
have  been  enormous.  We  may  regard  it  rattier  as  similar  to  the  inrush  which  takes 
place  when  an  express  train  passes  at  high  speed  through  a  railway  station — a  conse¬ 
quence  of  the  movement  of  a  large  mass  with  a  considerable  velocity  through  the  air. 
It  may  have  drawn  clear  fresh  cool  air  up  to  the  edges  of  the  black  cloud,  and  in  this 
way  have  mitigated  the  heat  or  prevented  the  lateral  diffusion  of  the  foul  gases  it 
contained.  Possilfly  it  may  even  have  saved  the  lives  of  some.  But  it  was  a  conse¬ 
quence  of  the  great  down-rush  of  dust  and  gases,  and  not  in  any  real  sense  an 
opposing  and  countervailing  agency.  When  at  a  later  period  we  witnessed  an  erup¬ 
tion  of  Montague  Pelee  the  black  cloud  passed  close  to  us,  but  although  we  watched 
for  it  carefully,  neither  of  us  observed  any  vigorous  oj^posing  indraught  of  air. 

It  would  seem  that  immediately  around  the  volcano  darkness  was  absolute  while  the 
great  dark  cloud  jjassed  overhead,  but  that,  at  least  iii  the  district  to  the  south  of 
Chateaubelair  and  of  Georgetown,  though  it  was  so  dai'k  that  lamps  had  to  be  lighted 
in  the  houses,  yet  the  fugitives  could  find  their  way  along  the  roads  without  much 
difficulty.  l4r.  Christ  [AN  Branch  states  that  when  his  boat  entered  Kingstown 
about  6  o’clock  that  evening,  the  light  was  still  sufficiently  good  to  enable  the  boatmen 
to  make  out  clearly  the  headlands  they  passed  as  they  rowed  southwards  along  the 
coast.  He  says  that  the  darkness  was  never  absolute  outside  the  great  black  cloud 
which  rolled  out  of  the  volcano.  Dr.  Dunbar  Hughes,  Captain  Carder,  and  Mr.  T. 
M.  McDonald  seem  to  liave  been  able  to  travel  along  the  narrow,  steep,  winding,  and 
in  some  places  dangerous  I'oad  to  M^alli])u  without  any  verv  great  inconvenience  on 
account  of  the  darkness.  They  \cere  able  to  recognise  the  jieople  whom  they  passed, 
and  even  to  see  the  features  of  tlie  land  some  short  distance  awav.  In  Georo-etown 

«/  O 

between  2  and  3  o’clock  in  the  afternoon  it  was  very  dark,  but  still  people  Avere  able 
to  go  fi'om  one  house  to  anotlier.  The  danger  Avas  I'ather  fi'om  the  bombs  and  large 
pieces  of  stone  Avhich  AA-ere  falling  at  intervals.  During  tlie  AA'liole  night  it  aatis 
possible  to  |)ass  througli  the  village  Avith  a  lanteiTi  or  eA'en  by  the  light  of  the  innu¬ 
merable  flashes  of  lightning  Avhich  shot  across  the  skA".  Ea'cii  in  the  Aullages  in  the 
Caiib  Country  there  is  evidence  to  shoAV  tliat  after  the  Idack  cloud  })assed,  and  hefore 
night  set  in,  there  AAms  a  glimmeiing  light  sufficient  to  enable  the  teirified  surA’ivois 
to  flee  from  one  house  to  another.  Witliin  the  houses  the  darkness  aatas  greater,  and 
lamps  or  matches  had  to  l)e  used  to  furnish  light.  It  is  also  probalile  that  the 
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darkness  was  most  intense  between  2  and  3  o’clock,  shortly  after  the  great  outburst, 
and  that  as  the  afternoon  wore  on  the  light  somewhat  improved. 

Kingstown. — At  Kingstown,  and  in  the  south  end  of  the  island,  it  was  generally 
known  on  Wednesday  forenoon  that  the  Soufriere  had  resumed  activity,  but  there 
were  no  physical  signs  to  indicate  that  the  eruption  was  in  progress  till  about  12.30 
in  the  afternoon.  Then  tlie  loud  noises  jDioceeding  from  the  volcano  attracted 
attention,  and  aljout  2  p.m.  it  was  seen  that  a  ^mst  cloud  of  steam  was  ascending 
in  the  northern  sky,  till  its  appareait  heiglit  uais  twice  as  great  as  that  of 
Mount  St.  Andrew,  which  overlooks  the  town.*  It  was  somewhat  pointed  or  tongue¬ 
shaped,  hut  broadened  out  as  it  rose,  and  consisted  of  Ijidging,  globular,  rolling 
masses  which  were  constantly  changing  in  form  and  increasing  in  num1)er.  I'lie 
noises  from  the  mountain  were  continuous  and  very  loud,  with  a  roaring,  long  drawn- 
out  character  which  baffles  description.  ♦ 

About  half  past  2  o’clock  grey  })eh]jles  of  a  pumiceous  character  began  to  fall,  and 
at  the  same  time  the  atmosphere  was  charged  with  sulphurous  odouis.  Some  of  the 
stones  were  almost  the  size  of  a  hen’s  egg,  but  they  did  little  damage  in  the  town 
except  to  the  large-leaved  trees,  some  of  which  had  their  foliage  peidbrated  or  torn  to 
shreds  ;  many  of  them  were  covered  with  a  thin  layer  of  wet  mud.  Then  smaller 
stones  began  to  fall  “  like  a  sharp  shower  of  hail,”  and  these  were  followed  by  little 
pellets  of  fine  moist  ash  “  aliout  the  size  of  small  sago.”  Dry  ash  followed,  and  tliis 
formed  the  bulk  of  the  shower,  becoming  somewhat  finer,  lighter  in  colour,  and  less 
abundant  as  the  evening  wore  on.  It  had  a  sulphurous  smell,  though  some  compared 
the  odour  rather  to  that  of  guano.  Mr.  Powell,  of  the  Botanic  Gardens,  infoiined 
us  that  the  foliage  of  the  more  tender  plants  was  Idighted  and  turned  yellow,  and 
all  the  forward  bread-fruit  dropped,  not  from  the  weight,  ljut  from  the  nature  of  the 
ash.  The  plants  with  stout  thick  leaves  suffered  comparatively  little  damage,  and  in 
fact  it  was  noticed  that  a  few  days  afterwards  their  foliage  was  cleaner,  greener,  and 
more  free  from  insects  than  l)efore,  so  that  there  was  reason  to  believe  that  the 
ash  had  insecticidal  properties. 

Lamps  had  to  l)e  lighted  in  Kingstown  about  4  o’clock  in  the  afternoon,  and 
although  the  darkness  was  not  intense  before  nightfall,  the  air  was  so  full  of  falling 
(hist  that  the  appearances  resembled  those  of  a  vei'y  thick,  dark  city  fog.  During  the 
night  the  noises  continued,  but  appaiently  no  further  showers  of  stones  occurred. 
The  lightnings  were  very  vivid  and  fre([uent  ;  the  air  warm,  close,  and  stuffy.  The 
fine  dust  j^enetrated  into  every  corner  of  the  houses,  and  covered  the  furniture  and 
all  the  objects  in  the  rooms  with  a  grey  film.  It  had  also  an  iriltating  effect  on  the 
nasal  passage  and  respiratoiy  organs,  and  on  the  conjunctiva,  especially  of  those 
persons  who  were  obliged  to  be  in  the  open  air. 

Through  the  whole  of  St.  Vincent  earthquakes  and  tremors  were  very  numerous 

*  See  despatch  from  Mr.  Camerox,  Admini-strator  of  St.  Vincent.  Blue  Book,  ‘  Correspondence  on  the 
Volcanic  Eruptions  in  St.  Vincent  and  Martinicpie,  in  May,  1902,’  p.  25. 
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during  Wednesday  afternoon  and  evening.  At  Georgetown  and  in  the  Carib 
Country  they  were  so  frequent  that  several  observers  stated  that  they  gave  up  the 
attempt  to  keep  count  of  them.  The  fugitives  who  were  making  for  Kingstown  by 
sea  experienced  curious  sensations  as  if  the  boat  were  seized  by  something  which  held 
it  and  shook  it  vigorously.  At  Wallibu,  Barrualli,  Warrawarrou,  Kingstown,  and 
on  the  windward  coast,  all  observers  noticed  that  the  houses  rocked  and  shook  with 
an  almost  continuous  vibration.  They  describe  the  motion  as  undulatory  rather  than 
resembling  the  sharp  shock  which  characterises  the  majority  of  the  earthquakes  which 
they  experience  in  the  island.  Little  damage  was  done  so  far  as  we  could  ascertain. 
I21  Cliateaubelaii’  one  or  two  of  the  houses  showed  cracks  in  the  walls,  others  had 
shingles  dislodged  from  their  roofs ;  but  no  chimneys  were  cast  down,  and  even  in 
the  Carib  Country  and  at  Wallibu  the  demolition  of  the  factory  chimneys  was 
ascribed  rather  to  the  . lightning  tlian  to  the  earthquakes.  It  was  noticed  in  several 
cases,  liowever,  that,  when  the  hist  heavy  rains  came,  the  roofs  were  unusually  leaky, 
as  if  thev  had  been  strained  bv  the  rockinn  motion  of  the  u'round.  The  noises,  the 
earthquakes,  the  dust  in  the  air,  the  sulphurous  odours,  and  the  darkness  all  com¬ 
bined  to  terrify  the  animals  at  work  on  tlie  faims,  so  that  they  had  to  be  unharnessed 
early  in  the  afternoon. 

The  Phenomena  observed  in  the  Adjacent  Islands,  dc. 

The  Grenadines. — In  the  Island  of  Bequia,  one  of  the  Grenadines,  about  8  miles 
south  of  St.  Vincent,  sounds  as  of  cannonading  were  heard,  rising  to  a  continuous 
roar,  about  2.15  in  the  afternoon.  The  sky  was  unusually  cloudy,  and  darkness  set 
in  about  5.30.  A  rain  of  hue,  impalpable  ash  continued  all  the  afternoon,  and, 
presumably,  most  of  the  night.  At  first  it  was  slightly  moist,  and  formed  clots  or 
droplets,  but  afterwai'ds  it  was  quite  dry.  These  particulars  are  taken  from  notes 
supplied  by  the  Bev.  Mr.  Ddffus,  the  Anglican  rector.  He  states  that  the  sea 
rose  in  Bequia  Harljour  aliout  2  feet  6  inches.”  It  is  a  curious  fact  that  while  sea 
waves  were  noticed  here  and  in  St.  Lucia  and  Barbados,  no  one  seems  to  have 
observed  them  in  St.  Vincent.  If  they  took  place  there,  the}’  must  certainly 
have  been  quite  inconsiderable,  as  many  people  were  launching  boats  or  landing 
fi'om  them  along;  the  leeward  coast  from  Chateaubelair  southwards,  and  anv  sudden 
change  in  the  level  of  the  sea  could  liardly  have  escaped  remark.  There  are  many 
houses  in  these  distiicts  which  stand  very  little  above  sea-level,  and  the  incursion 
of  a  sea  Avave  Avould  haA^e  left  traces  too  obAuous  to  be  OA’erlooked. 

St.  Lucia. — A  most  interesting  account  of  the  phenomena  obseiwed  by  him  in 
St.  Lucia,  has  lieen  sent  to  us  by  Major  Hoddeii,  E.E.,  Avho  Avas  in  Castries  during 
the  eruptions.  From  this  AA^e  extract  the  folloAAung  : — 

“  About  this  time  (the  7th  Way)  Ave  heard  that  the  Amlcano  in  St.  Vincent  aa'us  becoming  actiA'e,  so  we 
obserA'ed  the  sky  closely  in  this  direction.  About  12.30  r.Ai.  on  the  7th,  I  noticed  the  sky  becoming 
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yellowish  in  that  quartei’,  and  this  increased  to  a  darker  and  more  coppery  colour,  till  at  4  p.m.  it  Iiegan 
to  assume  the  appearance  of  a  London  fog.  The  western  (leeward)  side  of  the  smoke-cloud  remained 
vertical  and  fixed  exactly  in  one  position,  and  it  could  easily  be  seen  to  ascend.  A  good  deal  of  ordinary 
cloud  passed  at  this  time,  so  the  eastern  edge  was  ill-defined,  but  we  could  still  see  the  western  edge 
distinctly.  This  pillar  of  smoke  rose  to  12°  above  the  horizon  (artificial).  Its  breadth  was  about  15° 
of  arc. 

“  About  6  P.M.  we  began  to  see  the  Hashes  of  lightning  play  in  the  dense  cloud.  They  were  at  the 
rate  of  about  3  per  minute.  They  were  not  like  ordinary  lightning,  but  nnrch  shorter,  and  seemed  to 
travel  slower.  In  addition  to  the  “  lightning  ”  there  were  great  flashes  of  a  redder  colour  (the 
“  lightnings  ”  appeared  a  yellowish-white).  The  flashes  were  at  intervals  of  about  5  minutes.  The 
display  was  much  more  violent  than  that  of  Martinique  on  the  5th  instant ;  the  smoke-cloud  was  at  least 
double  the  height,  and  I  concluded  that  the  eruption  had  been  on  a  vastly  greater  scale.  No  detonations 
were  heard,  but  an  earthquake  was  felt  at  about  2.45  p.m.  by  nearly  everyone  I  have  sj^oken  to  on  the 
Morne,  but  I  did  not  notice  it  myself.  Next  day,  so  much  cloud  had  come  up  and  rain  that  we  could 
not  see  the  smoke-cloud;  during  this  time  the  display  of  lightning  and  flashing  diminished  to,  say, 
one-fifth  of  its  intensity.” 

Further  particulars  supplied  at  a  later  date  by  Major  Hoddeii  and  Ijy  Mr.  CtErald 
Dev^aux,  of  the  Cul  de  Sac  Factory,  St.  Lucia,  enable  us  to  amplify  the  aljove  account 
ill  some  important  respects. 

Detonations  were  distinctly  though  faintly  heard  on  the  7th  May  coming  from 
St.  Vincent.  They  were  loudest  about  2  p.m.,  and  lasted  from  about  half-past  one  to 
five  o’clock,  and  resembled  distant  thunder,  or  the  sound  of  the  discharge  of  big  guns. 
There  seems  toj  have  been  no  considerable  fall  of  ashes  and  no  darkness,  hut 
only  a  slight  haze  in  the  atmosphere.  The  amount  of  dust  which  fell  was  so  slight 
as  to  form  only  a  film,  the  thickness  of  which  was  too  small  to  he  measured.  The 
ash  was  dry,  and  was  best  seen  on  the  surfaces  of  the  leaves,  where,  it  formed  a  fine 
impalpable  powder. 

Mr.  Devaux  adds,  also,  that  “  at  the  time  the  detonations  were  most  distinct,  the 
sea  (at  3  o’clock)  receded  from  the  beach  five  times  in  half  an  hour,  about  25  feet 
each  time.” 

Barbados. — As  in  the  eruption  of  1812,  the  island  of  Barbados,  which  lies  almost 
ICO  miles  to  windward  of  St.  Vincent,  received  more  of  the  dust  emitted  by  tlie 
volcano  than  any  of  the  neighbouring  Windward  Islands.  In  the  month  of  May 
tliere  appears  to  be  a  strong  and  })ersistent  upper  current  of  air,  flowing  in  an  east  or 
north-easterly  direction  over  the  Caribljees,  the  return  trade  or  ipjper  anti-trade 
wind.  The  depth  of  the  trade-wind  stream  at  tliat  time  and  place  is  not  very 
accurately  known  :  none  of  the  mountains  of  the  Windward  Islands  is  sufficiently 
high  to  overtop  it.  It  must  be  at  least  10,000  feet  deep,  as  tire  steam  pulls 
Avhich  rose  from  Montague  Pelee,  in  ordinary  circumstances,  were  in\mriably  carried 
bodily  to  leeward.  But  on  the  11th  July  we  were  in  Fort  de  Fi'ance,  and  saw  there 
the  tongue-shaped  rolling  steam  cloud  which  accompanies  the  more  important 
eruptions,  and  this  rose  to  such  a  height  that  it  was  entirely  in  the  upper  anti-trade 
current,  and  floated  away  to  the  east  or  north-east.  This  is  sufficient  to  show  that  in 
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the  passage  of  so  large  a  quantity  of  dust  to  the  east,  ovei'  Barbados,  we  have  only  a 
particularly  clear  example  of  the  operation  of  causes  which  are  constantly  in  operation 
in  tlje  region  in  question. 

In  Barbados  there  is  a  large  and  very  intelligent  white  population.  They  were 
all  acquainted  with  the  historical  records  of  the  fall  of  ash  in  1812,  and  gneat 
interest  was  taken  in  the  re-appearance  of  this  phenomenon.  We  have  in  conse¬ 
quence  a  greater  mass  of  exact  and  reliable  information  from  this  island  than  from 
any  other.  The  rate  of  fall  of  the  dust,  the  thickne.ss  of  the  deposit,  its  total  amount 
over  the  whole  island,  the  variations  in  its  character  during  the  duration  of  the 
shower,  its  chemical  and  mineralogical  composition,  have  all  been  carefully 
investigated,  together  with  a  great  number  of  other  less  obvious  but  hardly  less 
important  particulars.  We  are  greatly  indebted  to  Dr.  Mokeis,  C.M.G.,  of  the 
Imperial  Department  of  Agriculture  for  the  West  Indies,  for  the  kindness  with  which 
he  placed  at  our  disposal  the  results  of  observations  made  by  himself,  by  the  officials 
of  his  department,  and  liy  many  of  his  friends  resident  in  Barbados. 

i\Ir.  W.  G.  Feeemax,  of  tlie  Imperial  Department  of  Agriculture  of  the  West 
Indies,  gives  the  following  account  of  his  observations  : — ^ 

“  The  morning’s  paper  of  the  7th  brought  the  news  that  the  Soufriere,  at  St.  Vincent,  was  showing 
signs  of  activity.  The  morning  passed  vithout  any  striking  phenomena,  except  that  the  weather,  as 
on  the  previous  day,  was  close  and  uni^leasant.  About  2.40  r.n.,  two  loud  reports  were  heard,  as  if  heavy 
cannon  had  been  fired.  A  man-of-war  saluting  vdth  imusually  heavy  pieces  was  the  first  idea,  but  no 
similar  reports  following,  the  possibility  of  the  sounds  having  something  to  do  with  the  morning’s 
telegram  presented  itself.  The  more  so  as  in  the  eruption  of  1812  the  people  here  heard  sounds  which 
led  them  to  suppose  a  naA’al  engagement  was  taking  place  ;  they  even  put  all  in  readiness  to  repel  the 
expected  French  attack. 

“  Soon  a  dusky  cloud  arose  to  the  north -westAvard,  not  like  an  ordinary  rain-cloud,  but  Anth  curiously 
thin  edges.  This  crept  gradually  up  against  the  vAnd,  accompanied  by  sounds  like  distant  thimder,  but  no 
lightning.  By  4. .30  p.v.  it  AA^as  Ami’y  gloomy,  and  the  sky  Avas  completely  OAmrcast  as  far  as  I  could  see, 
except,  a  band  to  the  south-east,  Avhich  Avas  dazzlingly  bright.  This  strip  of  light  Avas  at  length  blotted 
out  by  the  advancing  cloud.  At  4.30  the  first  flash  of  lightning  AA'as  seen,  and  at  5.1-5  dust  AA-as  falling 
fairly  fast.  The  dust  shower  increased  in  inten.sity,  and  at  about  7  p.:m.  Avas  quite  heaAy,  the  particles 
falling  Avith  a  Ioav  hissing  sound. 

“  Xo  rain  fell,  and  there  Avas  practically  no  wind.  During  the  night  sufficient  dampness  came  just  to 
moisten  the  ash,  Imt  not  to  disturb  it  in  any  AA-ay.” 

Mr.  Freeman  collected  the  ash  wiiich  fell  on  three  vessels  of  known  area.  This 
estimate  of  the  mass  of  the  depr)sit  which  fell  in  Barbados,  he  gives  in  the  following 
statement : — 

“  From  the  calculated  results  of  a  series  of  obserA'ations  made  in  Strathclyde,  on  the  fall  of  A'olcanic 
‘ash,’  it  would  seem  that,  at  a  Ioaa-  estimate,  about  13  ounces  fell  per  square  foot  betAveen  the  hours  of 
5  P.M.  on  Wednesday  and  5  A.M.  on  Thursday.  This  perhaps  may  not  appear  a  large  amount;  but  look 
at  it  from  another  point  of  aucav  ;  13  ounces  per  square  foot  means  117  ounces  per  square  yard,  and 
to  express  it  in  familiar  terms  in  an  agricultural  community,  no  less  than  16 ’2  tons  gxi-  acre. 


*  In  a  letter  to  Professor  J.  W.  June,  F.P.S.,  dated  May  10,  1902. 
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“Leaving  for  the  while  minor  units,  such  as  acres,  we  find  that  10,240  tons  of  volcanic  ‘ash’  were 
rained  on  to  every  square  mile  of  this  Island  during  the  jjast  12  hours  of  darkness.  Supposing  the 
fall  to  have  been  approximately  equal  in  depth  over  the  whole  Island,  the  almost  incredible  amount  of 
1,699,840  tons  of  solid  matter  was  added  to  Barbados  last  night.” 

He  gives  the  thickness  of  the  deposit  as  about  dth  of  an  inch,  and  states  that  while 
it  was  falling  there  was  a  slight  sulphurous  odour,  not  so  strong  as  to  be  dis- 
ao'reeable. 

o 

In  the  Barbados  ‘  Agricultural  Beporter,’  of  Friday,  May  9,  there  appears  an 
interesting  account  of  the  rain  of  dust  in  the  city  of  Bridgetown,  and  its  efiects  on 
the  population  :  — 

“  The  volcanic  dust  which  began  to  fall  here  on  Wednesday  afternoon  continued  throughout  the 
night  and  up  to  early  yesterday  morning.  Borne  from  St.  Vincent  in  the  upper  strata  of  the  air,  and 
there  suspended,  this  stuff  obscured  the  sunlight  and  produced  the  phenomenal  darkness  mentioned 
in  our  yesterday’s  issue.  In  colour  and  consistency  it  resembles  Portland  cement.  At  first  the  fall 
was  slight  and  the  substance  was  gritty  and  coarser  than  that  which  fell  afterwards.  By  7  o’clock, 
however,  a  powdery  dust  was  falling  thick  and  fast.  Those  -whose  business  called  them  out  at  this  hour 
and  later — those  who  had  no  special  calling  out  had  sought  their  places  of  abode  at  an  early  hour — got 
their'  faces  and  hands  and  all  their  clothing  covered  with  the  stuff,  and  presented  a  grimy  appearance. 
Care  had  to  be  exercised,  too,  even  by  those  carrying  umbrellas,  and  travelling  on  the  tram-cars,  to  avoid 
receiving  injiuy  to  their  eyes  and  throats.  The  dust  was  everywhere,  and  upon  everything.  Passing 
freely  through  jalousies  and  other  available  openings,  it  rested  on  all  furnitime  and  other  appointments  in 
houses  and  offices.  So  early  as  8  o’clock  the  city  was  deserted,  and  there  prevailed  a  quietude  which 
contrasted  strongly  with  the  activity  that  ordinarily  prevails.  Terrific  peals  of  thiuider,  preceded  by 
vivid  flashes  of  weird  lightning,  helped  to  increase  the  depression  of  spirits  caused  by  the  gloom,  and 
gave  rise  to  a  feeling  that  the  worst  had  not  yet  been  experienced.  Jtrdging  from  appearances  at  this 
time,  one  would  have  concluded  that  there  was  going  to  take  place  a  heavy  downpour  of. rain.  As  a 
matter  of  fact,  however,  none  fell.  The  grooves  of  the  tramway  rails  filled  rapidly  -wdth  the  dusty  preci¬ 
pitation,  and  it  was  simjtly  impossible  to  keep  them  clear.  As  a  consequence,  the  cars  ran  ott'  repeatedly, 
and  ultimately  the  service  had  to  be  stopped  sometime  before  the  usual  hour.  It  should  be  mentioned  as 
a  noteworthy  fact  in  connection  with  the  phenomenon  of  Wednesday  evening,  as  experieiiced  in  Bridge¬ 
town,  that,  while  a  heavy  cloud  overshadowed  the  city  and  the  whole  western  sky,  there  was  a  luminous 
spot  on  the  southern  horizon,  just  at  the  extremity  of  the  nebulous  area,  that  offered  a  striking  contrast 
to  the  prevailing  gloom.  There  the  day-god  seems  to  have  entrenched  himself,  and  bidden  defiance  to 
the  powers  of  darkness.  The  light  was  not  bright  and  cheery,  but  rather  suggestive  of  an  angry  mood. 
Somewhere  in  the  \4cinity  of  6  o’clock  p.m.  of  the  same  evening  a  party  of  Salvation  Army  preachers 
attempted  to  hold  a  service  in  the  Upper  Green,  near  the  Nelson  Statue.  The  usual  singing  and  exhor¬ 
tation  was  begun  by  the  detachment,  Imt  the  falling  dust  was  too  much  for  mortal  throat  and  lungs  to 
endure  in  the  open  air,  even  though  engaged  in  religious  work.  Besides  this  there  were  foimd  few  so 
foolhardy  as  to  accept  the  iin-itation  to  combat  the  forces  of  nature.  So  the  party  had  to  desist  and  retire 
to  cover  like  the  common  non-combatants.  Full  details  of  the  occurrence  did  not  come  to  hand  fi'om 
St.  Vincent  on  Wednesday  evening,  and  people  here  retired  to  bed  feeling  that  the  next  day  would  bring 
news  of  some  awful  catastrophe.  Loud  booming  sounds  had  been  heard  throughout  Barbados  during 
Wednesday,  and  the  natural  conclusion  was  that  the  experiences  in  the  sister  colony  must  have  been 
awesome.  From  what  was  told  us  in  a  telegram  received  aliout  8  o’clock  a.m.,  these  calculations  were 
correct,  for  the  condition  of  affairs  is  said  to  have  IjalHed  description. 

“  Yesterday  the  atmosphere  continued  murky,  and  the  city  presented  the  appearance  of  being  enveloped 
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ill  a  heavy  mist.  The  diist  which  began  to  fall  on  the  previous  afternoon  had  continued  throughout  the 
night,  and  at  daybreak  was  perceived  to  lie  full  half  an  inch  thick  on  the  surface  of  the  ground  and  on 
the  roofs  of  houses.  The  city  buildings  generally  looked  dingy,  and  the  general  aspect  was  cheerless  and 
depressing.  Gangs  of  labourers  from  the  city  roads  and  Sanitary  Department,  under  the  direction  of  the 
Departmental  Inspector,  and  supplied  with  brooms,  shovels,  and  hand-barrows,  were  set  to  work  to  clean 
up  the  streets  from  an  early  hour.  The  dust  collected  by  them  was  piled  in  heaps  along  the  roadside  and 
carted  away  by  the  scavengers’  carts.  To  ensure  as  thorough  cleansing  as  possible,  hose  attached  to  the 
hydrants  of  the  water  department  was  employed  for  washing  the  surface  of  the  roads  and  for  flushing 
gutters  and  drains.  But  dust  continued  ta  be  l)lown  from  off  the  roofs  of  buildings,  where  it  had  lodged, 
and  proved  a  nuisance  throughout  the  day.  Various  forms  of  shades  were  used  for  protecting  the  eyes 
from  the  dust,  some  persons  using  coloured  glasses  and  others  using  veils.  It  was  a  funny  sight  to  see  grave 
city  men  wearing  the  sun  veils  commonly  used  by  ladies.  But  the  object  aimed  at  was  the  protection 
of  the  visual  and  nasal  organs  against  the  inrush  of  dust,  and  this  the  veil  did  effectually.” 

Oscillations  in  the  level  of  the  sea  were  noted  in  Barbados  and  Bequia,  and  St. 
Lucia.  The  ‘  Barbados  Advocate  ’  of  May  8  contains  the  following  : — 

“  There  was  an  unusual  spring  tide  yesterday  about  3.45  p.m.,  the  Constitution  River  nearly  submerging 
the  reclaimed  land  known  as  ‘  Fort  Royal.’  After  the  subsidence  of  the  water,  washerwomen  were  seen 
running  in  all  directions  in  search  of  the  clothes  which  they  had  spread  out  in  the  early  morning  to  be 
bleached  by  the  sun.  Persons  of  40  years’  standing  said  they  had  never  before  seen  such  a  tide.” 

John  K.  Kirkiiam,  Harbour  Master  at  Barbados,  sends  us  the  following  note  of 
observations  made  by  Mr.  Ashby,  the  Government  diver  : — 

“  At  3.10  P.M.  the  water  suddenly  rose  2‘5  feet  in  two  minutes,  and  as  rapidly  fell  after  one  minute; 
about  three  minutes  later  it  rose  1  ‘25  feet  in  three  minutes  and  as  rapidly  fell,  then  rose  about  O'S  foot  in 
two  minutes,  and  as  rapidly  fell.  The  water  rose  and  fell  three  times  in  15  minutes,  the  rise  each  time 
being  about  one-half  what  it  was  before.  It  was  spring  tide  here  that  day.” 

A 

From  Barbados  also  we  obtain  some  interesting  facts  regarding  the  changes  of 
barometric  pressure  which  accompanied  the  outburst  of  tlie  great  black  cloud.  The 
Bev.  N.  B.  Watson,  of  St.  Martin’s  Vicarage,  in  the  parish  of  St.  Phillips,  sends  us  a 
very  interesting  barograpbic  tracing,  which  shows  repeated  oscillations  of  the  recording 
pen  attached  to  the  instrument  between  1.30  and  6.30  p.m.  of  that  afternoon,  and 
Mr.  O’Donnell,  of  the  American  Weather  Bureau,  states  that,  on  May  7,  “  a  sudden 
jar  occurred  in  the  barograph  record  at  the  time  of  the  explosion.” 

Here  also  we  may  mention  that  in  St.  Vincent  similar  rapid  changes  in  barometric 
pressure  were  noticed  by  at  least  one  observer,  Mr.  Effingham  Dun,  of  Owia.  He 
writes  as  follows  : — “  On  May  7  the  barometer  (mercuiial),  which  had  been  steady  at 
29'85,  rose  within  three  minutes  to  30'12,  when  it  again  fell  slowly  to  29'82,  and 
remained  steady  at  that  throughout  the  night.  This  is  the  only  change  1  observed, 
though  I  paid  great  attention  to  the  barometer.” 

Considerable  air-waves  appear,  in  fact,  to  have  been  generated  by  evervone 
of  the  greater  eruptions,  both  of  the  Soufriei'e  and  Montague  Pelee.  Kapid  lise  and 
fall  of  the  barometric  column  have  lieen  noted  in  Martinique  to  accompanv 
several  ol  the  eruptions  there.  The  outburst  at  Pelee  on  the  9th  July  pinduced 
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a  distinct  vibration  of  the  recording  jjeii  of  the  barograpli  in  the  American 
Weather  Bureau,  in  Bozeau,  Dominica,  as  was  shown  to  us  by  Mr.  Hobbs,  who 
was  in  charge  of  the  station.  He  told  us  also  that  in  the  observatory  in  St.  Kitts 
similar  effects  had  been  traceable  in  the  barographs  on  the  days  of  several  other 
eruptions.  In  every  case  the  air-pressure  wms  temporarily  increased  by  the  appearance 
of  the  great  black  cloud.  We  have  already  remarked  how  it  was  noted  in 
Chateaubelair,  St.  Vincent,  that  during  the  climax  of  the  eruption  a  peculiarly 
painful  sensation  was  felt  Avhen  loud  sounds  Avere  heard,  and  this  finds  its  explanation 
in  the  sudden  rise  of  atmospheric  pressure  on  the  tympanic  membranes. 

Along  the  whole  chain  of  the  Antilles,  from  Trinidad  to  Santa  Cruz  and  St.  Thomas, 
detonations  resembling  distant  cannon  firing  Avere  heard  on  Wednesday  afternoon. 
In  Trinidad  they  Avere  very  distinct  and  their  origin  was  at  once  suspected.  In 
the  late  afternoon  the  sky  to  the  north  was  very  hazy  and  thick,  and  in  Port  of 
Spain  there  was  a  slight  fall  of  fine  dust."^  In  Dominica,  Guadeloupe,  Antigua, 
Montserrat,  St.  Kitts,  St.  Thomas,  and  Santa  Cruz  there  were  loud  distant  noises 
heard,  especially  between  2  o’clock  and  3  o’clock  in  the  afternoon.  No  ash  seems  to 
have  fallen  in  any  of  these  islands,  aiid  there  Avere  no  earthquakes  of  importance. 
Tidal  waves  were  observed  in  Martinique  and  Guadeloupe.  In  Demerara  there  were 
neither  falls  of  ash  nor  sounds  of  detonations,  though  the  latter  are  said  to  have 
been  heard  in  Venezuela,  t  In  Jamaica  it  was  observed  that  from  the  7th  May 
onward  the  atmosphere  Avas  hazy,  and  at  sunset  and  sunrise  there  Avere  remarkable 
colour  effects  in  the  sky.  Mr.  S.  T.  Schabschmidt,  of  Hanbury,  Jamaica,  reports 
that  a  thin  film  of  dust  Avas  observed  on  the  iron  roofing  of  houses  at  that  locality. 
He  collected  it  by  means  of  a  wet  sponge,  and  found  it  identical  in  character 
with  the  ash  which  fell  in  Barbados,  only  very  much  finer.  The  self-registering  tide 
gauge  at  Port  Ptoyal,  Jamaica,  shoAved  no  effects  of  sea  waves  or  sudden  rise  or 
fall  in  the  sea  level. 

Falls  of  volcanic  dust  from  the  Soufriere  are  recorded  over  a  very  wide  area,  Avhich 
seems  to  be  elliptical  in  shape.  It  is  broadest  from  east  to  west,  as  it  extends  from 
Jamaica  to  at  least  900  miles  east  of  St.  Vincent,  a  total  distance  of  about  2,000 
miles.  Its  north  and  south  diameter  is  much  shorter,  as  the  probable  limits  in  these 
directions  are  the  north  end  of  St.  Lucia  and  Port  of  Spain  in  Trinidad.  In  both 
these  places  the  amount  of  dust  Avhich  fell  Avas  Amry  small,  and  there  is  no  reason  to 
believe  that  tire  actual  area  covered  was  much  more  extensive  than  this.  Far  the 
greater  part  of  the  dust  cloud  travelled  eastAvards  before  the  upper  anti-trade 
currents,  and  the  heaviest  falls  of  dust  Avere  all  in  that  quarter.  Many  ships  passing 
through  that  part  of  the  Atlantic  which  lies  to  the  east  and  south-east  of  Barbados 
encountered  dust  clouds  during  the  7th,  8th,  and  9th  of  May.  The  most  interesting 

*  Despatch  from  Captain  F.  L.  Campbell,  H.M.S.  “Indefatigable,”  printed  in  Bluebook;  ‘Corre¬ 
spondence  relating  to  the  Volcanic  Eruptions  in  St.  Vincent  and  Martinique  in  May,  1902,’  p.  70. 

t  ‘Nature,’  vol.  66,  p.  554,  1902. 
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instance  of  this  is  that  of  the  barque  “  Jupiter,”  which  was  830  miles  E.S.E.  of 
Barbados  on  May  8th  at  2.30  a.m.,  when  the  dust  fell  upon  its  decks.  Many  of  the 
records  of  these  dustfalls  are  unverified,'^  but  in  this  case  there  seems  to  be  no  reason 
to  doulDt  the  accuracy  of  the  report,  as,  although  we  did  not  see  the  dust,  we  met 
several  people  in  Barbados  to  whom  it  had  been  shown,  and  they  all  described  it  as 
very  similar  to  that  which  was  lying  on  the  houses  of  Bridgetown  at  the  time,  only 
much  finer  and  somewhat  paler  in  colour. 

The  dust  which  fell  in  Jamaica  on  the  11th  May  is  very  different  in  composition 
and  appearance  from  all  the  other  volcanic  dusts  which  we  have  seen.  Mr.  Schar- 
SCHMIDT  has  sent  us  a  sample  of  the  material  which  he  collected,  and  it  proves  to 
consist  very  lai’gely  of  vegetable  matter,  pollen,  Sy-cryptogamic  spores,  hairs  and 
fragments  of  the  cuticle  of  plants,  desmids  and  diatoms.  In  addition  to  these  there 
are  mineral  fragments  which  include  small  grains  of  quartz,  calcite  and  impalpable 
inorganic  dust.  But  there  are  also  small,  clear,  almost  colourless,  isotropic  grains, 
which  show  a  very  irregular  fracture,  and  have  no  trace  of  organic  structure.  When 
the  dust  collected  is  incinerated  on  platinum  foil  at  as  low  a  temperature  as  possible, 
these  fragments  remain  unchanged.  We  think  it  probable  that  they  are  pieces  of 
fine  volcanic  glass,  as  they  closely  resemble  the  fine  glassy  splinters  which  can  be 
found  in  the  Barbados  dust.  There  is  no  augite,  no  hypersthene,  and,  so  far  as  we 
can  say,  no  felspar.  This  is  exactly  what  might  have  been  expected  in  consequence 
of  the  great  distance  to  which  the  mineral  fragments  were  carried.  The  heavier 
would  necessarily  sink  first  and  only  the  lighter  glass  would  reach  the  limits  of  the 
area  of  distribution.  None  of  these  glassy  fragments  contain  any  microliths  ;  and  the 
proportion  of  volcanic  glass  in  the  dust  sent  us  is  exceedingly  small ;  the  average 
size  of  the  grains  is  '02  millim. 

This  dust  is  quite  unlike  that  which  was  collected  on  the  decks  of  the  “  Jupiter” 
at  about  the  same  distance  from  the  Soufriere  in  an  eastern  direction,  and  shows  that 
while  Jamaica  was  near  the  limits  of  the  dustfall  to  the  west,  it  had  a  far  greater 
extension  to  the  east,  so  that  the  Soufrik’e  does  not  stand  in  the  centre  of  the 
elongated  elliptical  area  of  distribution.  This  is  due  to  the  persistent  easterly 
currents  in  the  upper  atmosphere.  It  may  well  be  the  case  that  falls  of  dust  took 
place  over  the  sea  to  the  east  of  St.  Vincent  for  considerably  more  thon  2,000  miles 
from  the  island. 

Of  the  total  amount  of  material  ejected  on  the  afternoon  of  Wednesday,  Mav  7, 

*  Other  authenticated  records  of  dustfalls  observed  on  ships  which  were  obtained  by  the  Harbour¬ 
master  of  Barbados,  and  jmblished  in  the  ‘  Agricultural  News  ’  (Barbados),  June  7th,  1902,  are  as 
follows : — 

“May  7,  8  p.m.,  schooner  ‘  Violo,’  from  Demerara,  met  the  dust  70  miles  S.  of  Barbados,  10  P.M.,  the 
Norwegian  steamer  ‘  Talisman,’  from  Demerara,  150  miles  S.S.E. 

“  May  8.  Hour  not  stated,  barquentine  ‘  Fanny,’  from  Pernambuco,  250  miles  E. 

“  iMay  9  {'I  8),  4  P.M.,  ship  ‘  Monrovia,’  from  Bio  Janeiro,  240  miles  S.E.” 
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it  is  impossible  to  form  even  an  approximate  estimate.  When  we  remember  that 
on  the  island  of  Barbados,  which  has  an  area  of  only  166  square  miles,  and  is 
100  miles  distant  from  St.  Vincent,  1,700,000  tons  fell,  it  does  not  seem  improbable 
that  several  billions  of  tons  of  solid  matter  were  projected  into  the  air  in  that  short 
space  of  time. 

The  Closing  Scenes  of  the  Eruption  of  May  7th,  1902. 

Thursday  and  the  following  Days. 

In  the  north  end  of  St.  Vincent  the  sun  rose  on  scenes  of  desolation  and  despair. 
Three-fourths  of  the  population  lay  dead  in  their  houses,  and  many  of  the  survivors 
Avere  fearfully  burnt  and  suffering  dreadful  agony.  The  green  and  fertile  Card) 
country,  which  had  been  covered  with  rich  crops,  lay  buried  beneath  several  feet  of 
hot  and  smoking  ashes.  The  Soufriere,  which  on  the  previous  morning  had  been 
a  mass  of  verdure  and  green  forest,  was  now  the  leaden  hue  of  the  new  fallen  ash. 
With  the  return  of  light,  though  the  air  was  still  misty  with  falling  dust,  many  fled 
and  sought  refuge  in  Georgetown  and  the  region  to  the  south  of  it.  Others  stayed 
to  succour  the  Avounded  or  to  bury  their  dead.  A  Aveary  procession  of  mangled  and 
injured  toiled  along  the  road  to  Georgetown.  Already  before  daAvn  some  had  passed 
through  the  village  fleeing  from  Babaka  and  Langley  Park,  and  they  spread  the 
tidings  of  death  and  destruction.  Efforts  were  early  made  to  penetrate  the  burnt 
country  and  help  the  sufferers.  A  police-constable  Avent  out  along  tlie  windward 
coast  to  ascertain  how  great  the  damage  had  been.  The  sights  he  saAv  Avere 
fearful,  dead  in  every  Adllage,  almost  in  every  house,  corpses  every Avhere  along 
the  roadside,  dead  cattle  streAvn  through  the  fields,  many  of  the  bodies  mangled, 
burnt,  and  distorted.  The  injured  and  terrified  survivors,  Avho  Avere  unable  to 
make  their  AAary  along  the  roads,  Avere  lying  among  the  corpses,  crying  aloud  for 
water  to  moisten  their  scorched  throats ;  many  had  their  skin  extensively  burnt  and 
peeling  off  their  hands  and  faces.  Slate-coloured  vapours  still  ascended  from  the 
mountain,  every  noise  struck  terror  into  the  minds  of  the  survivors.  There  is  small 
room  for  wonder  that  it  was  difficult  to  get  men  to  volunteer  to  explore  that 
thirsty,  burnt,  and  death -struck  country.  Yet  the  officials,  the  clergy,  and  the 
inhabitants  of  GeorgetoAvn  nerved  themselves  to  the  task,  and  in  a  very  short 
time  the  helpless  injured  Avere  being  gathered  into  Georgetown  and  accommodated 
in  temporary  ho.spitals  there.  The  task  of  burying  the  dead  had  perforce  to  AA^ait. 
De.spairing  of  assistance,  one  boy  of  fourteen  buried  his  father,  his  mother,  and  seven 
brothers  and  sisters  in  a  trench  he  dug  in  the  ground  outside  the  house — a  fact  which 
throws  a  lurid  light  on  the  sAveeping  nature  of  the  calamity  which  had  overtaken 
the  inhabitants.  It  Avas  not  till  some  days  had  elapsed  that  the  work  of  burying 
the  dead  aatis  finished,  so  many  Avere  they  and  so  long  did  it  take  to  clear  the 
ashes  out  of  tlie  houses,  huts,  and  yards,  and  bring  the  bodies  to  AueAv.  The  official 
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estimate  of  the  immbei'  interred  is  l’295d"  It  is  certainly  an  under-estimate  rather 
than  an  over-estimate.  The  story  of  the  ready  response  which  the  British  colonies 
in  the  West  Indies  made  to  the  call  of  assistance  and  relief  is  an  inspiriting  one, 
hut  hardly  falls  to  be  narrated  here.  From  Trinidad,  from  Jamaica,  Barbados, 
St.  Lucia,  in  fact  from  all  the  British  islands  of  the  Caribbean  Sea,  help  was  sent. 
The  American  Government,  without  delay,  despatched  the  “Dixie”  with  .stores  and 
medical  comforts.  Lists  of  subscriptions  were  opened  in  England  and  elsewhere, 
and  money  poured  in  with  great  rapidity.  Nothing  was  omitted  that  could  l^e  done 
to  save  life  or  mitigate  suffering.  The  efforts  of  the  medical  men  were  crowned 
with  almo.st  unhoped-for  success,  and  comparatively  few  of  those  who  were  able  to 
reach  the  ho.spitals  and  place  themselves  in  the  hands  of  the  doctors  died  of  their 
injuries  or  burns. 

Chateaubelair  had  been  vacated  durino'  the  afternoon  of  Wednesday,  and  its 
inhabitants  were  scattered  through  the  villages  and  houses  to  the  south,  but  on 
Thursday  morning,  as  the  noises  from  the  mountain  had  almost  ceased,  jDeople  began 
to  return,  as  soon  as  day  broke,  to  see  what  damage  their  houses  and  crops  had 
suffered  during  the  night.  From  3  to  5  inches  of  ashes  had  fallen  in  the  village, 
and  some  of  the  houses  had  had  their  roofs  perforated  by  falling  stones.  Others 
had  collajDsed  under  the  weight  of  ash  that  accumulated  on  them.  No  buildings, 
however,  had  been  set  on  fire,  though  on  the  .slopes  to  the  south  and  east  of  the 
town  in  more  than  one  place  the  grass  had  been  ignited  (probably  by  flashes  of 
lightning).  Most  of  trees  had  been  stripped  of  their  leaves,  and  the  smaller 
branches  had  been  broken  by  the  falling  stones.  The  air  was  still  murky  with 
dust,  and  the  mountain  almost  completely  veiled  in  vapours. 

Early  in  the  day.  Captain  Calder,  Mr.  McDonald,  Dr.  Dunbar  Hughes,  Mr. 
Gentle,  and  several  others  arrived  in  a  boat  from  Wallibu,  and  from  notes 
supplied  by  them  and  by  others  who  were  residing  in  the  vicinity  of  the  SoufriG'e, 
it  is  possible  for  us  to  form  a  fairly  accuiate  idea  of  the  progress  of  events  during 
that  and  the  following  days. 

Columns  of  vapour  so  densely  charged  with  fine  ashy  material  as  to  be  slate-grey 
in  colour,  ascended  from  the  crater,  and,  as  a  gentle  wind  was  blowing  from  the  north, 
the  dust  was  carried  directly  over  Chateaubelair,  which  was  in  consecpience  covered 
with  a  thick  mist,  in  which  it  was  difficult  to  recognise  anyone  at  a  distance  even  of 
only  a  few  yards.  The  whole  mountain  and  the  region  round  it  were  enveloped  in 
this  cloud  of  falling  ash,  but  about  10  o’clock  there  was  a  sharp  .shower  of  rain  which 

*  Bluebook  :  “  Correspondence  relating  to  the  Volcanic  Eruptions  in  St.  Vincent  and  Martinique  in  May, 
1902,”  p.  65.  Despatch  from  Governor  Sir  R.  B.  Llewellyn  (dated  May  23,  1902). 

The  total  number  of  bodies  found  dead  is  ....  1295 

The  deaths  in  hospital  from  injuries  (burns)  ....  70 

Missing . . . 200 
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somewhat  cleared  the  atmosphere  and  dissipated  the  sulphurous  fumes.  Lightning 
and  thunder  accompanied  the  rain. 

About  2.30  P.M.  there  was  a  considerable  increase  of  activity,  and  as  the  afternoon 
was  fairly  clear,  it  was  possible  to  see  that  great  clouds  of  smoke  were  being 
discharged  from  the  site  of  the  old  crater.  Captain  Calder  notes  that  at  this  time 
“  molten  lava  was  coursing  down  each  deep  ravine,  clouds  of  wdiite  vapour  marking 
its  path  over  the  damp  earth.”*  This  is  the  first  record  of  steam  eruptions  in  the 
valleys  after  rains  due  to  the  action  of  the  water  of  the  streams  on  the  hot  ashes 
through  which  they  flowed.  All  the  afternoon  there  was  thunder  and  lightning,  with 
possibly  also  noises  from  the  mountain,  and  dense  clouds,  partly  of  rain,  partly  of 
steam  mixed  with  ashes,  floated  to  lee’ward,  obscuring  the  coast  line  and  the  slopes 
Avhich  face  Chateaubelair.  During  the  evening  there  was  more  rain  and  thnnder,  with 
lightning,  which  was  very  vivid,  and  continued  at  intervals  through  the  whole  night. 

On  Friday,  the  9th  May,  there  were  loud  noises  and  rumblings  in  the  early  morning, 
and  about  7  o’clock  vast  masses  of  dark  smoke  were  ascending  from  tlie  crater,  and 
what  was  supposed  to  he  a  stream  of  boiling  mud  or  lava  was  seen  rushing  downwards 
through  the  valley  of  the  Wallihu  to  the  sea.  After  this  it  became  very  dark  in 
Chateaubelair,  the  heat  was  intense,  and  breathing  was  difficult.  In  Georgetown  the 
sound  of  the  eruption  was  also  heard,  and  there  was  a  shower  of  small  stones,  followed 
by  fine  aslies.  From  Kingstown  a  great  column  of  smoke  was  seen  to  shoot  upwards 
in  the  air  above  the  volcano.  The  rumbling  sonnd  was  heard  for  half  an  hour  or  less. 
Flashes  of  lightning  were  visible  in  the  clouds,  but  not  generally  over  the  sky.  There 
was  a  slight  fall  of  fine  dust,  and  the  air  was  foggy  with  suspended  matter.  At 
Fancy,  on  the  north  shore  of  the  island,  stones  and  sand  continued  to  fall  for  nearly 
two  hours,  and  during  that  time  there  was  darkness  (though  not  total). 

Although  the  descriptions  of  what  was  seen  from  Chateauljelair  are  not  very  lucid 
or  satisfactory,  it  is  certain  that  there  was  an  outlnirst  on  Friday  morning,  which  may 
have  been  accompanied  b}^  a  manifestation  of  the  l)lack  cloud  phenomenon  on  a  small 
scale.  The  amount  of  matter  discharged  was  quite  inconsiderable  compared  witli  that 
of  the  great  eruption  of  the  7th,  and  as  the  danger-zone  was  almost  completely 
vacated,  no  loss  of  life  occurred. 

During  the  whole  afternoon  of  Friday  slaty-coloured  vapours  were  emitted  by  the 
crater,  and  fine  dust  was  falling  on  the  leeward  parts  of  the  mountain.  Showers  of 
rain  are  recorded  as  having  taken  place  several  times  during  the  day,  and  there  was 
a  good  deal  of  thunder  and  lightning,  with  occasional  noises  from  the  volcano.  From 
the  ravines  on  the  side  towards  Chateanbelair  steam  and  dark  vapours  were  often 
seen  to  ascend.  Mr.  McDonald  inmarks  that  from  some  of  the  valleys  discharges  ol 
vapour  took  place,  each  accompanied  by  a  Hash  of  lightning  and  a  peal  of  thunder. 
He  observed  that  from  the  ravines  clouds  of  steam  were  rising,  and  these  led  to  the 
belief  that  fissures  were  formed  in  the  valleys,  or  streams  of  lava  were  flowing  down 

*  ‘  Century  Magazine,’  vol.  Ixiv,  August,  1902,  p.  637. 
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them.  As  a  matter  of  fact,  there  can  be  little  doubt  that  the  ram  occasioned  by  the 
showers  was  working  through  the  hot  sand  in  the  old  channels  of  the  streams,  and 
that  this  was  the  origin  of  the  clouds  of  vapour. 

Oji  Saturday,  the  10th  May,  it  was  apparent  that  the  energy  of  the  eruption  was 
spent  and  a  state  of  quiescence  was  at  hand.  For  some  time  after  daybreak  the 
crater  was  almost  free  from  discharges,  but  about  half-past  9  o’clock  the  steam  clouds 
l)enan  to  arise  agfain,  and  continued  with  intermissions  durinn  the  remainder  of  the 
day.  It  was  obvious  to  all  spectators  that  the  worst  was  over  and  that  the  eruption 
was  drawing  to  a  close. 

On  the  11th,  steam  still  continued  to  ascend  from  the  crater,  and  the  mountain 
was  veiled  in  smoke.  On  the  12th  and  1 3th,  at  irregular  intervals,  sluggish  discharges 
of  slaty  vapours  took  place,  accompanied  by  low*  rumbling  noises.  The  column  ot 
steam  did  not  rise  more  than  a  few  hundred  feet  above  the  summit.  On  the  14th  the 
cloud  over  the  crater  was  still  dense  but  less  lofty.  There  was  a  slight  rain  of  small 
pebbles  at  Richmond  Vale,  near  Ohateaubelair,  while  steam  was  seen  arising  from  the 
crater  in  the  evening. 

On  the  15th,  at  9.30  a.m.,  there  was  a  slight  escape  of  steam,  otherwise  the 
mountain  remained  clear  all  day. 

By  this  time  on  the  windward  side  of  the  island  considerable  progress  had  been 
made  with  the  work  of  interment.  The  wounded  had  been  relieved  and  removed  to 
hospital  in  Georgetown  and  Kingstown.  Most  of  the  pojDulation  of  the  districts 
which  lay  to  the  north  of  the  mountain,  and  which  had  not  suftered  so  severely  as  the 
region  to  the  south,  had  been  drawn  away  and  had  settled  temporarily  in  Georgetown, 
Kingstown,  and  other  parts  of  the  island.  At  Owia,  Sandy  Bay,  and  Fancy  there 
were  still  green  fields  to  be  seen,  and  though  many  of  the  inhabitants  fied,  some 
remained.  Elsewhere  everything  was  covered  under  a  sheet  of  ashes,  very  fine  on 
the  surface  Imt  mixed  with  lapilli  and  coarser  blocks  in  the  layers  beneath.  It 
resembled  a  desert  covered  with  grey  or  brownish  sand,  except  for  the  numerous 
ijlasted,  broken,  leafless  trees  which  rose  through  the  covering  of  ash.  The  rains  had 
not  yet  been  sufficient  to  clear  out  the  old  stream  channels,  and  they  were  filled  to 
the  level  of  their  banks  with  an  accumulation  of  sand.  The  steam  arising  from  the 
valleys  on  the  hillsides  after  rain  showed  that  every  shower  sent  down  freshets 
which,  working  in  the  hot  ashes,  were  converted  into  steam  clouds  and  wholly 
evaporated  before  they  could  reach  the  sea.  At  Fancy  and  in  the  district  around 
Owia  the  valleys  contained  compaintively  little  deposit,  and  after  a  few  showei's  they 
resumed  very  much  of  their  old  appearance.  But  immensely  greater  masses  of 
material  had  lodged  in  the  river  courses  on  the  south  side  of  the  hill,  and  it  was  seven 
or  eight  days  Ijefore  any  water  was  able  to  flow  along  their  whole  length  to  reach  the 
sea.  The  Rabaka  Dry  River  was  dry  for  several  days  after  the  great  eruption,  and 
when  it  began  to  flow  intermittently  after  very  heavy  showers  the  water  came  doAvn 
perfectly  black  and  boiling  hot. 
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From  Chateaubelair  several  parties  made  a  voyage  up  along  the  coast  in  boats,  and 
some  landed  to  examine  the  burnt-out  plantations  of  Wallibu  and  Richmond.  What 
chiefly  attracted  attention  was  the  alteration  in  the  configuration  of  the  surface  and 
in  the  outlines  of  the  coast.  The  villages  of  Morne  Ronde  and  Wallibu  had  dis- 

O 

appeared,  and  the  sea  had  encroached  on  the  land  for  a  width  of  about  200  yards  at 
the  mouth  of  the  Wallibu  stream  and  for  a  distance  of  nearly  a  mile  along  the  coast 
to  the  north  of  this.  The  buildings  of  Richmond  Plantation  and  of  Wallibu  were 
surrounded  by  ashes  several  feet  deep.  Ptichmond  had  been  on  Are,  and  all  the 
woodwork  of  the  houses  and  the  furniture  was  destroyed,  but  at  Wallibu  the  barrels 
in  the  store,  the  doors,  carts,  and  furniture  were  still  preserved,  though  covered  witli 
black  sand.  Some  consider  that  the  sand-blast  was  not  hot  enough  when  it  passed 
over  Richmond  to  set  fire  to  combustible  substances,  but  that  the  house  was  struck 
by  lightning  or  that  a  paraffin  lamp,  which  was  left  burning  in  one  of  the  rooms, 
exploded  and  ignited  the  furniture.  Mr.  McDonald  notes  that  Richmond  Village 
which  stood  below  the  plantation  house,  was  seen  to  be  “  covered  with  30  or  40  feet 
of  ashes,  more  or  less,”  and  that  “  the  general  level  of  all  the  flat  land  as  far  as 
Frazer’s  was  raised  by  40  or  50  feet,  and  terminated  in  abrupt  almost  vertical  bluffs 
at  the  sea.” 

At  this  time  the  Wallibu  stream  was  perfectly  dry  and  choked  with  sand,  which 
filled  it  up  almost  level  across.  It  was  not  till  seven  or  eight  days  had  elapsed  after 
the  eruption  that  the  water  was  again  seen  to  make  its  way  to  the  sea.  Frequent 
discharges  of  steam  were  observed  in  the  upper  parts  of  its  course.  The  other  valleys 
which  lie  to  the  north  of  this,  the  Wallibu  Dry  River,  Rozeau  Dry  River,  and  Larikai, 
were  similarly  encumbered  with  deposits  of  sand,  though  perhaps  not  to  an  equally 
great  extent,  and  in  these  also  steam  explosions  took  place  after  rains. 

Very  interesting  and  valuable  evidence  regarding  the  conditions  prevailing  at 
Wallibu  and  Richmond  about  this  time  is  afforded  by  certain  photographs,  taken  by 
Mr.  Wilson,  of  Kingstown,  on  the  14th  May.*  One  of  them  shows  the  houses  of 
Richmond  disroofed  and  burnt  out,  surrounded  by  several  feet  of  ash  and  mud,  out 
of  which  rise  the  leafless,  blasted  stems  of  trees.  The  wooden  framework  on  which 
the  plantation  bell  was  supported  is  preserved  unburnt.  This  makes  it  likely  that 
the  fire  which  attacked  the  houses  was  the  result  of  an  accident  and  not  a  direct 
consequence  of  the  heat  of  the  volcanic  blast.  On  the  slopes  across  the  stream  which 
flows  by  the  south  of  Richmond,  the  layer  of  ashes  had  been  thin,  and  the  rain- 
showers  acting  on  the  naked  unprotected  surface  of  the  mud  have  cut  little  furrows 
and  runnels  in  it.  In  the  foreground  of  the  jiicture  the  sheet  of  ash  around  the 
plantation-houses  had  a  smooth,  slightly  hummocky  or  rolling  character,  exactly 
resembling  the  effect  produced  by  a  considerable  fall  of  snow,  or  the  surface  of  fine 

*  These  photographs  are  reproduced  in  Mr.  E.  O.  Hovey’s  paper,  “  Martinique  and  St.  Vincent :  a 
Preliminary  Report  upon  the  Eruptions  of  1902,”  ‘Bull.  Amer.  Museum  Nat.  Hist.,’  vol.  16, 
Article  26,  Plates  41  and  38. 
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blown  sand  strewn  by  the  wind.  The  rains  had  up  to  that  time  been  sufficient  to 
erode  only  on  the  steeper  slopes,  while  on  the  more  level  ground  they  had  sunk  into 
the  porous,  incoherent  ash,  and  the  original  surface  characters  were  still  intact. 

Another  photograph,  taken  at  the  same  time,'*'  shows  Wallibu  plantation  and  the 
fields  to  the  north  of  it,  witli  the  Soufriere  in  the  background,  emitting  a  column  of 
black  smoke.  The  wind-strewn  character  of  the  surface  is  here  also  visible  on  the  flat 
grounds,  while  on  tlie  steep  ridge  which  rises  behind  Wallibu  the  layer  of  ashes  has 
been  much  thinner,  and  is  already  furrowed  with  rain-rills,  and,  to  a  considerable 
extent,  has  l)een  washed  away  by  the  running  water. 

According  to  the  descriptions  given  us  by  those  who  had  occasion  to  visit  the 
devastated  country  at  this  time,  it  was  a  shadowless  wilderness  of  sand  and  blasted 
vegetation,  in  which  not  a  drop  of  water  could  be  found  to  drink.  The  heat  of  the 
tropical  sun  was  reflected  from  the  hare  surface  of  the  sand,  making  the  air  intoler¬ 
ably  hot,  and  every  breath  of  wind  stirred  the  fine  dust  which  formed  the  superficial 
layer  of  the  de^iosit,  and  blew  it  into  eyes,  nostrils,  and  throat.  The  rains  had  not 
yet  been  sufficient  to  make  the  mud  coherent  or  to  wash  away  the  finer  particles,  and 
the  ash  lay  on  the  level  cane  fields  with  an  undulating  surface  resembling  that 
of  blown  snow.  Rain  was  urgently  needed  to  restore  the  blighted  trees  and  enable 
them  to  put  out  fresh  leaves. 

In  Georgetown  and  Chateaubelair  confidence  was  rapidly  restored,  and,  owing  to 
the  influx  of  the  refugees,  the  villages  were  crowded  Avith  jieople.  Rations  were  iioaa' 
being  served  out  daily  to  the  destitute,  and  settlements  erected  for  their  accommoda¬ 
tion,  so  that  there  was  a  bustle  of  activity,  and  the  streets  were  thronged.  The 
burial  of  the  dead  was  over,  and  the  living  had  had  time  to  count  their  losses  and 
were  congratulating  themselves  on  their  escape.  A  week  iiad  elapsed  since  the  great 
eruption  ;  there  had  been  no  further  destruction,  thougb  the  devastated  country  was 
deserted.  A  few  of  the  inhabitants  had  been  able  to  return  to  attend  to  the  inter¬ 
ment  of  their  relatives  and  friends,  and  to  remoA^e  the  most  valued  of  their  personal 
belongings.  As  a  rule,  however,  a  great  aversion  to  visit  tlie  scenes  of  suffering  and 
death  was  manifested  l)y  the  refugees,  but  they  readily  adapted  themseRes  to  their 
new  surroundings,  and  Avhen  the  wounded  had  recoAmred  from  their  burns  and 
injuries,  they  settled  doAAUi  AAuthout  any  great  reluctance  in  the  quarters  provided  for 
them. 


THE  ERUPTION  OF  THE  18th  May,  1902. 

The  volcano  sank  into  a  state  of  quiescence.  After  the  15th  May  no  further  loud 
noises  Avere  heard,  and  the  emissions  of  steam  Avere  on  a  A^ery  small  scale,  and  took 
place  Avithout  violence.  The  ordinary  occupations  of  life  Avere  resumed,  and  the 
mountain  Avas  no  longer  observed,  hour  after  hour,  Avith  an  interest  quickened  by 


*  See  footnote,  p.  417. 
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apprehension.  But  a  rude  awakening  was  at  hand.  On  the  evening  of  Sunday, 
May  18th,  a  second  erujition  took  place,  less  violent  and  far  less  destructive  than  the 
former  one,  but  still  sufficiently  vigorous  to  throw  the  whole  population  into  a  state 
of  terror,  and  make  those  near  the  mountain  flee  for  their  lives. 

The  afternoon  of  Sunday  was  beautifully  calm  and  clear,  and  the  inhabitants  oi 
Chateaubelair  could  see  the  mountain  from  base  to  summit.  Many  were  in  boats 
along  the  leeward  coast  examining  the  strangely-altered  surface  of  the  plantations  of 
Wallibu  and  Bichmond,  and  the  startling  modifications  which  had  taken  place  in  the 
coast  line  to  the  north  of  the  village.  Not  a  single  cloud  veiled  the  face  of  the 
mountain,  and  the  bare,  burnt  surface  showed  up  in  every  detail  in  the  evening  light. 
Sunset  was  followed  by  a  clear,  starry  night  with  bright  moonlight  and  a  cloudless 
sky.  In  Chateaubelair,  Kingstown,  and  Georgetown  many  people  were  enjoying  a 
walk  in  the  cool  refreshing  night  air,  when  suddenly,  about  8.30  P.M.,  a  loud,  prolonged, 
ominous  groan  burst  from  the  mountain.  Some  residents  in  Kingstown  compared  it 
to  the  noise  made  when  a  war-ship  lets  go  her  anchor  in  the  bay  and  the  cable  rattles 
out  throuffii  the  hawse  holes.  At  the  same  moment  a  great  cloud  of  steam  shot  from 
the  crater  and  rose  to  an  immense  height  in  the  air.  As  seen  from  Kingstown,  it 
was  pointed,  and  its  heiglit  was  estimated  at  many  thousand  feet.  In  this  great 
mass  of  vapour,  lightnings  incessantly  scintillated.  They  were  tortuous  and  snaky, 
and  did  not  resemble  the  clear  flashes  often  seen  on  a  tropical  night.  The  noises  in 
Chateaubelair  were  deafening ;  many  thought  they  were  as  loud  as  on  the  afternoon 
of  the  7th  May.  Soon  the  village  was  enveloped  in  total  darkness.  The  inhabitants 
sprang  out  of  their  houses,  and,  seizing  their  children,  fled  along  the  road  that  leads 
southwards  past  Petit  Bordel.  Darkness  settled  down  on  the  fugitives,  a  dark¬ 
ness  so  intense  that  they  stumbled  over  the  roads,  groping  their  way  along  the 
ditches,  guiding  themselves  by  feeling  the  objects  on  the  way  side.  Tlie  lightnings, 
the  thick  darkness,  the  roaring  noises,  and  the  falling  ash,  dismayed  the  stoutest 
hearts,  and  many  were  weej^ing  and  lamenting  loudly  as  they  hurried  through  tlie 
night.  Some  lost  their  children  in  the  gloom,  others  fell  into  ditches  or  over  the 
banks  on  to  the  sea-shore.  When  they  reached  Bosebank  the  light  was  beginning 
slowly  to  improve,  and  many  took  refuge  with  friends  there.  About  10  o’clock  the 
sky  cleared,  the  moon  appeared  again,  the  noises  ceased,  and  the  eruption  was  at  an 
end.  The  earthquakes  noticed  during  tliis  eruption  were  few  and  insignificant,  and 
the  fall  of  ash  in  Chateaubelair  was  very  slight,  and  consisted  mostly  of  very  fine  dust 
or  sand. 

In  Georgetown  also  the  day  had  been  exceedingly  fine,  and  no  warning  was  given 
of  the  coming  outburst.  When  the  steam-cloud  rose  with  loud  noises  from  the 
mountain- a  general  exodus  took  place,  but  later  in  the  night,  when  the  darkness 
lifted,  many  returned.  The  ash  which  fell  was  in  the  form  of  fine  dust,  and  amounted 
only  to  a  very  thin  film,  most  readily  seen  on  roofs  and  leaves  and  the  stone  pave¬ 
ments  around  the  houses. 
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In  Kingstown  tlie  consternation  was  intense.  Some  ruslied  about  the  streets  in 

o 

terror.  Others  fell  on  their  knees  and  jDrayed  aloud,  but  many  shut  themselves  in 
their  houses,  dreading  an  incursion  of  the  great  black  cloud.  A  small  quantity  of 
very  fine  dust  fell  in  the  town,  but  there  was  no  deep  darkness. 

It  was  noticed  in  Chateaubelair  and  Georgetown  that  many  of  the  children  com¬ 
plained  of  a  painful  feeling  in  their  ears."^  This  phenomenon  was  already  described  in 
connection  with  tlie  first  eruption. 

Bisliop  SwABY,  of  Barbados,  was  in  Kingstown  that  night,  and  gives  some  interestmg 
particulars  regarding  the  eruption  as  observed  from  that  place.  He  was  at  supper 
when  he  heard! — 

“  An  explo.sion  like  that  of  a  bursting  shell,  followed  by  a  roaring  groaning  sound  which  startled 
the  party,  and  they  ran  out  into  the  garden  and  looked  in  the  direction  of  the  Soufriere.  They 
saw  an  immense  column  of  white  vapour  ascending  high  in  the  air  above  the  mountain,  twisting  and 
twirling  upon  itself  till  it  assumed  the  shape  of  a  flower,  and  forked  lightning  was  playing  around 
it  incessantly.  The  curious  thing  about  the  lightning  was  that  it  embroidered,  as  it  were,  the  edge 
of  the  cloud  of  vapour,  playing  around  it  with  a  continuous  scintillation  as  of  fireworks.  The  thunder, 
too,  was  continuous,  but  the  thing  that  struck  his  lordship  was  the  rattling  groan  of  the  labouring 
mountain.  Otherwise  a  deep  hush  pervaded  the  region,  and  served  to  make  the  scene  more  impressive 
to  the  beholder.  The  phenomenon  lasted  about  15  minutes,  and  there  was  an  interval  till  about 
10  o’clock,  when  it  came  again.  The  mountain  was  about  15  miles  from  Kingstown,  where  it  was 
viewed,  and  the  watery  vapour  must  have  been  about  30,000  or  40,000  feet  high  to  have  been  seen 
above  the  mountain  as  it  was.” 

It  is  impossible  to  say  whether  or  not  a  black  dust  cloud  descended  from  the 
Soufriere  down  the  valleys  of  the  Wallibii  and  Rabaka  on  this  occasion,  as  no  one  was 
residing  in  the  houses  there,  and  in  the  darkness  it  was  impossible  for  those  in  George¬ 
town  and  ChateaidDelair  to  see  what  was  going  on.  On  the  whole,  it  seems  practically 
certain  that  there  was  a  recurrence  of  this  phenomenon,  though  on  a  scale  so  small  that 
the  deposits  which  it  produced  could  not  be  compared  with  those  which  filled  the 
ravines  on  the  7th  May.  Next  morning  it  was  seen  that  a  thin  layer  of  freshly 
deposited  ash  covered  the  surface  of  the  mountain.  Apparently  there  was  a  repetition 
of  what  happened  in  the  first  eruption,  though  there  could  be  no  comparison  between 
the  magnitude  of  the  two  outbursts.  The  premonitory  symjDtoms  were  entirely 
wanting  in  this  case,  and  the  preliminary  stages  so  brief  and  inconspicuous  as  to  have 
escaped  notice.  The  loud  explosions  and  sudden  rush  of  steam  may  be  regarded  as 
accompanying  the  outburst  of  the  dust  avalanche  and  black  cloud,  the  subsequent 
noises  as  the  effect  of  upward  steam  exj^losions  jjrojecting  dust,  scoiia,  and  bombs 
into  the  air.  Many  people  told  us  that  in  their  opinion  the  noises  were  as  loud  as  on 
the  7th  May,  but  certainly  they  were  not  heard  so  far,  and  the  disastrous  calamity 
which  had  previously  overtaken  the  island  had  left  behind  a  state  of  nervous  appre¬ 
hension  which  led  to  exaggerated  estimates  of  the  magnitude  of  the  subsequent  mani- 

*  ‘  Times,’  Kingstown,  Thursday,  May  22,  1902. 
t  ‘  Barbados  Advocate,’  Saturday,  May  24,  1902. 


SOUFEIEEE,  AND  ON  A  VISIT  TO  MONTAONE  PELEE,  IN  1902. 


421 


festations.  There  is  no  evidence  that  air-waves  or  sea-waves  of  any  importance 
accompanied  this  outburst. 

Estimates  of  the  height  to  which  the  steam  cloud  ascended,  as  seen  from  Kings¬ 
town,  are  founded  on  the  angular  distance  of  its  apex  above  the  horizon  as  compared 
with  that  of  the  mountains  of  known  altitude  behind  the  town.  But  these  are  falla¬ 
cious,  as  the  steam  cloud  which  forms  part  of  the  avalanche  of  dust  shoots  obliquely 
upwards  into  the  air  when  the ,  dust  subsides,  and  the  steam  column  was  not  vei'tical 
above  the  crater,  but  had  been  projected  southwards,  so  that  as  it  travelled  onward 
it  gradually  spread  over  the  town,  carrying  with  it  the  fine  dust  which  fell  there 
during  the  evening. 

From  this  time  forward  there  is  no  satisfactory  record  of  any  further  eruptions  from 
the  Soufriere  till  the  end  of  August,  1902.  It  is  true  that  in  the  local  and  Colonial 
papers  paragraphs  may  be  found  describing  violent  steam  discharges  from  the  crater 
and  rains  of  ash  on  the  surrounding  country,  but  as  the  result  of  careful  inquiry  on 
the  spot  we  consider  that  these  are  erroneous.  It  was  almost  a  fortnight  after  this 
before  any  attempt  was  made  to  ascend  the  mountain,  or  even  to  examine  its  lower 
slopes  systematically.  Rumbling  noises  were  occasionally  heard,  hut  these  were 
partly  due  to  landslips  and  falls  of  rock  from  the  crater  walls.  Several  trustworthy 
observers  report  that  they  saw  steam  gently  arising  from  the  crater,  but  most  of  the 
reports  are  based  on  nothing  more  than  the  appearance  of  the  round-topped  masses  of 
cloud  which  drift  across  the  mountain  before  the  trade-wind,"^  while  others  are  to  be 
referred  to  outbursts  of  steam  in  the  valleys,  owing  to  the  action  of  water  in  the 
streams  on  the  hot  dust  filling  the  ravines. 

In  this  account  of  the  sequence  of  events  in  the  eruptions  of  May,  1902,  we  have 
relied  principally  on  the  evidence  collected  by  ourselves  from  the  statements  of  eye¬ 
witnesses,  and  on  written  accounts  of  the  eruption  given  us  by  residents  in  St.  Vincent, 
at  the  request  of  His  Excellency  the  Governor  of  the  Windward  Islands.  In  most 
cases  we  were  able  personally  to  question  these  witnesses,  and  to  amplify,  and  in  some 
cases  to  correct,  their  statements  in  this  way.  It  was  a  month  after  the  first  erup¬ 
tions  before  we  landed  in  St.  Vincent,  and  the  sifting  of  the  evidence  proved  to  be  no 
easy  matter.  It  is  astonishing  how  widely  divergent,  even  in  essential  points,  may 
be  the  narratives  of  two  equally  competent  observers  who  were  in  the  same  room  or 
in  the  same  boat  at  the  time.  We  are  well  aware  that  there  are  in  this  Report  not  a 
few  statements  which  would  be  unhesitatingly  contradicted  by  more  than  one  jDerson 
who  was  in  a  good  position  to  form  an  accurate  opinion  as  regards  the  actual 
facts.  Under  the  circumstances  we  have  been  guided  in  all  cases  by  the  1:)alance 
of  good  evidence  for  or  against  any  conclusion,  but  it  is  vain  to  hope  that  we  have 
escaped  errors  and  mis-statements.  We  have  made  little  use  of  the  newspaper 

For  an  instance  of  these  untrustworthy  reports  and  some  pregnant  remarks  on  the  valueless 
character  of  much  of  the  newspaper  evidence,  see  Professor  Jaggae,  ‘  Popular  Science  Monthly,’  August, 
1902,  p.  353. 
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reports,  which  are  iu  many  cases  highly  sensational  and  grotesquely  inaccurate,  but  a 
limited  number  of  personal  narratives  have  been  jjublished  over  the  signature  of 
persons  well  known  in  the  islands,  which  have  been  of  the  greatest  value  to  us.  Of 
these  we  may  mention  the  diary  of  Mr.  T.  M.  McDonald  the  notes  by  Captain 
Calder,!  by  the  Rev.  Mr.  Darrell, j  by  Bishop  Swaby,  of  Barbados  ;§  and  the 
account  given  by  Captain  Freeman,  of  the  “  Roddam,”||  and  by  the  first  officer  of  the 
“  Roraima,”  Mr.  Ellery  S.  Scott, ^  of  the  eruption  which  destroyed  St.  Pierre,  in 
Martinique. 

THE  RAINS. 

For  nearly  two  weeks  the  weather  had  been  on  the  whole  remarkably  dry,  and 
although  showers  had  fallen  on  several  days,  they  had  been  light  and  local.  That 
steam  was  seen  to  ascend  on  certain  occasions  from  the  valleys  and  ravines  on  the 
Soufriere  proves  that  there  had  been  a  certain  rainfall,  but  it  was  jrrobably  greater  on 
the  highei'  slopes  than  on  the  lower  grounds,  and  all  over  the  island  the  vegetation 
was  parched  and  dusty,  and  the  fine  ash  blowing  to  and  fro  caused  great  inconvenience. 
A  general  and  considerable  fall  of  rain  was  urgently  needed,  and  it  was  not  long  in 
coming.  On  the  afternoon  following  the  second  eruption,  a  sharp  shower  fell  on  the 
north  end  of  the  island,  and  the  Soufriere  smoked  all  over  its  surface  as  the  water 
came  in  contact  with  the  hot  sand.  Four  day's  later  rain  fell  in  torrents.  The 
record  of  the  rain-e;auo'e  in  the  Botanic  Gardens  at  Kino-stown  is  as  follows  : — 

9  A.M.  on  23rd  to  9  a.m,  on  24th . 2 ‘43  inches 

24th  „  25th . 5-16 

,,  25th  ,,  26th . 0’82  ,, 

23rd  2Gth  8 ‘41  indies. 

A  total  of  nearly  84  inches  in  three  da  vs. 

In  the  south  end  of  St.  Vincent  these  heavy  rains  did  nothing  but  good.  The 
parched  and  dust-laden  vegetation  v^as  cleaned,  refreshed  and  invigorated.  The 
more  tender  plants  had  lost  tlieir  buds  and  young  foliage,  while  the  stout  leaves  of 
many  of  the  trees  had  been  perforated  or  torn,  or,  in  some  cases,  even  stripped  from 
the  branches  by  the  rain  of  stones  and  scoria.  The  woods  and  fields  rapidly  reassumed 
their  green  aspect,  and  the  beneficial  effect  of  the  rains  was  great  and  immediate. 

But  in  the  north  end  of  the  island,  where  the  fields  lay  buried  beneath  a  layer  of 

*  ‘Sentry,’  Kingstown,  May  16,  1902.  ‘Century  Magazine,’ August,  1902. 

t  ‘Century  Magazine,’  August,  1902. 

I  Printed  in  Kingstown,  and  sold  for  the  benefit  of  the  Relief  Fund.  Dated  May  12,  1902. 

§  ‘Barbados  Advocate,’  Saturday,  May  24,  1902. 

I]  ‘Pearson’s  Magazine,’  September,  1902. 

!l  ‘  The  Cosmopolitan,’ July,  1902. 
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sand  and  ashes,  the  results  were  almost  disastrous.  The  loose  materials  on  the  surface 
were  not  protected  by  any  covering  of  vegetation  or  held  together  by  the  roots  of 
growing  plants,  and  every  raindrop  carried  its  burden  of  sand  and  mud  to  the  rills, 
which  carved  innumerable  furrows  in  the  fields.  The  streams  were  swollen  to 
torrents,  so  rapidly  did  the  excessive  downpour  of  rain  run  off  the  surface  of  the 
ground  in  the  absence  of  growing  crops  and  plants,  which  in  ordinary  circumstances 
would  have  restrained  and  checked  the  violence  of  the  discharge.  So  much  mud  was 
carried  into  the  sea,  that  for  days  its  waters  were  turbid  and  discoloured  for  several 
hundred  yards  from  the  shore.  In  many  places  the  ash  was  washed  almost  com¬ 
pletely  off  the  steeper  slopes,  even  where  it  had  been  a  foot  or  more  in  thickness. 
Mud  avalanches  took  place  on  a  small  scale  wherever  the  gradient  was  sufficiently 
steep  to  allow  the  moist  semi-fluid  material  to  move  by  its  own  weight.  Behind  the 
plain  on  which  Georgetown  stands,  there  is  a  stretch  of  rising  ground  which  overlooks 
the  fields  of  the  Grand  Sable  estate  in  bluffs  a  couple  of  hundred  feet  high  or  less. 
Currents  of  mud  flowed  down  upon  the  arrowroot  fields  wliich  lie  below,  and  covered 
them  with  fans  of  debris.  They  even  swept  across  the  public  road  into  that  part  of 
the  village  which  is  known  as  Browne’s  Town,  overturning  several  small  houses  and 
burying  their  occupants  in  the  ruin  of  their  huts.  In  this  way  two  people  were 
killed. 

Hitherto  the  fields  of  ash  which  covered  the  Soufriere  had  had  their  original  surface 
characters  well  preserved,  and  in  their  smoothed  and  wind-strewn  aspect  had  greatly 
resembled  deposits  of  blown  snow.  Occasional  showers  had  been  sufficient  to  furrow 
the  steeper  slopes,  but  on  the  level  ground  feather-like  rain-rills  had  not  yet  l^eeii 
developed.  But  from  this  time  onward  that  marvellous  rain-sculpture  of  grooves  and 
furrows  converging  to  a  central  axial  stem,  which  was  as  astonishing  as  it  was  instruc¬ 
tive  to  the  geologists  who  have  since  visited  the  volcano,  is  to  l)e  found  in  all  the 
photographs  which  have  been  taken  of  the  scenes  of  the  eruption. 

The  scientific  investigation  of  the  history  and  consecpiences  of  the  recent  activity 
of  the  Soufriere  may  be  said  to  date  from  the  period  of  the  rains.  The  United  States 
steamship  “Dixie”  entered  Kingstown  harbour  on  the  23rd,  bringing  with  it  a 
number  of  newspaper  correspondents  and  a  party  of  American  scientific  men, 
including  Professor  Israel  Bussell,  Professor  Jaguar,  Mr.  E.  0.  Hovey,  Mr. 
Curtis,  and  Mr.  Borchgrevink.  They  proceeded  at  once  to  collect  information, 
and  they  and  Mr.  Wilson,  of  Kingstown,  succeeded  in  obtaining  many  excellent 
photographs  of  the  devastated  country.  These  all  show  the  great  amount  of  erosion 
which  had  been  effected  by  the  tropical  deluges  of  the  25th  May.  Only  the  photo¬ 
graphs  taken  by  Mr.  Wilson  some  days  before  the  rains  indicate  the  original  aspect 
of  the  surface.  We  can  rely  also  on  the  descriptions  given  us  by  those  who  had 
been  engaged  in  the  work  of  searching  for  the  wounded  or  burying  the  dead,  or  had 
visited  the  Wallibu  Valley  during  the  period  of  quiescence  before  the  second  out¬ 
burst.  At  Pelee,  in  Martinique,  owing  to  the  repeated  discharges  of  dust,  and  also 
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to  the  absence  of  any  torrential  downpours  in  the  months  of  May  and  June,  there  was 
less  erosion,  and  it  was  not  very  difficult  to  understand  what  had  been  the  appear¬ 
ance  of  the  fields  of  ash  and  sand  immediately  after  tlie  great  eruption. 

For  seven  or  eight  days  after  the  7th  May,  the  Wallibu  river  had  been  choked 
with  hot  sand,  and  no  water  was  seen  to  reach  the  sea  at  its  mouth.  Thereafter  the 
flow  was  resumed,  and  erosion  of  the  sand  accumulations  began,  hut  for  some  days 
was  inconsiderable.  The  first  photographs  taken  after  the  rains,  however,  show  that  a 
deep  and  narrow  gorge  had  now  been  cut  in  the  new  ash  deposits,  and  on  each  side  of 
the  channel  were  terraces  marking  pauses  in  the  progress  of  erosion.  During  the 
days  of  downpour  there  must  have  been  magnificent  explosions  of  steam  all  along  this 
valley  as  the  river  ploughed  its  way  through  hot  banks  of  ashes,  but  we  did  not 
obtain  any  descriptions  of  these  from  eye-witnesses.  Probably  the  whole  mountain 
was  enveloped  in  clouds  of  steam,  as  in  all  the  valleys  the  same  process  was  going  on, 
and  moreover  the  water  sinking  into  the  sand  (which  was  still  burning  hot  a  few 
inches  beneath  the  surface)  must  have  generated  enormous  masses  of  vapour. 

The  lower  part  of  the  Rabaka  Dry  Ptiver,  which  alone  had  at  this  time  been 
examined,  was,  on  the  11th  and  12th,  dry,  but  not  encumbered  with  any  great  accu¬ 
mulation  of  ash.  Some  days  elapsed  before  water  was  seen  to  flow  past  Ptabaka.  It 
was  hot  and  on  more  than  one  occasion  it  came  down  in  floods  of  boiling  mud.  These 
were,  no  doubt,  due  to  the  uneven  surface  of  the  sand  deposits  farther  up  the  valley 
forming  temporary  lakes  by  blocking  the  course  of  the  stream,  and  as  the  barriers 
were  cut  down  or  swept  away  before  the  pressure  of  the  water,  these  lakes  suddenly 
discharged  their  contents.  From  the  time  of  the  rains  onward  this  river  has  been 

o 

seen  smoking  all  along  its  upper  part,  though  it  is  only  for  brief  periods  after  heavy 
showers  that  the  water  reaches  the  sea,  and  it  is  then  always  black,  turbid,  and 
very  hot. 

On  the  north  side  of  the  Soufriere  the  thickness  of  the  ash  deposits  had  been  com¬ 
paratively  slight,  and  the  streams  were  able  to  reassert  themselves,  and  to  resume 
their  flow  after  a  few  days.  The  water  was  unfit  to  drink,  being  tainted  with  sulphu¬ 
retted  hydrogen  and  mineral  matters  in  solution,  and  there  was  a  deficiency  of  rain¬ 
water,  so  that  the  steamer  “  Wear  ”  was  sent  there  with  supplies.  The  inhabitants 
did  not  entirely  desert  the  district  till  after  the  18th  May,  when  the  last  were 
removed  by  steamer  to  King.stown.  It  is  worth  recording  that  at  Baleine  a  spring 
issues  from  the  rocks,  and  this  was  found  by  Lieutenat  Pobixsox*  to  be  unaltered, 
and  its  waters  perfectly  good  and  fresh.  The  heavy  rains  did  no  great  damage  on 
the  north  shore  of  the  island,  but  as  the  crops  and  trees  were  in  large  part  unburnt 
at  Owia  and  Sandy  Bay,  they  were  stimulated  by  the  moisture  and  put  out  fresh 
green  leaves. 

Oil  the  slopes  above  Sandy  Bay  and  Overland  Village  the  standing  timber  had 
been  broken,  overturned,  and  stripped  of  its  leaves  and  branches,  and  a  deposit  of 
*  Blue  Book  ‘  On  the  Volcanic  Eruptions  in  St.  Vincent  and  Martinique  in  hlay,  1902,’  p.  89, 
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ash  had  accumulated  perhaps  a  foot  or  two  feet  in  thickness.  The  streams  here  have 
a  short  and  rapid  descent  to  the  sea  and  flow  in  deep  narrow  valleys  with  steep  sides. 
The  heavy  rains  washed  away  nearly  all  the  loose  sand  and  the  smaller  stones,  and 
with  them  much  of  the  underlying  soil.  This  material  was  hurried  into  the  sea, 
which  here  is  comparatively  shallow  for  some  distance  from  the  shore.  The  streams 
on  reaching  sea  level  dropped  their  load  of  sand  and  pebbles,  and  it  gathered  in 
banks  along  the  beach.  The  strong  shore  current  generated  by  the  steady  trade- 
wind  surf  which  beats  against  this  coast  was  unable  to  remove  the  deposits  as 
rapidly  as  they  accumulated,  and  in  consequence  the  sea  margin  receded  to  some 
distance  from  the  old  shore  marks.  From  Overland  Village  north  to  Robin  Rock,  a 
distance  of  nearlv  a  mile,  there  was  a  broad  beach  of  black  volcanic  sand  where 
formerly  the  waves  had  washed  the  base  of  a  lofty  cliff.  We  were  assured  that  there 
had  been  no  change  in  the  relative  levels  of  land  and  sea.  When  we  visited  this 
spot  it  was  evident  that  the  action  of  the  waves  was  gradually  reducing  the  deposit 
and  cutting  back  the  sand  banks  till  they  faced  the  sea  in  some  places  in  little  cliffs 
some  4  or  6  feet  high.  It  is  probable  that  a  thickness  of  1 5  feet  or  more  of  sand  was 
laid  down  along  the  sea  shore  in  this  way.  At  the  wharf,  at  Rabaka,  where  the  sugar 
was  formerly  loaded  into  boats,  it  is  said  that  the  water  is  now  shallower  by  about 
12  feet.  Nevertheless  the  old  rum  store  stands  at  the  same  altitude  above  the  sea 
level  as  it  did  formerly.  The  breadth  of  the  sand  beach  was  at  most  about  200  feet, 
but  all  the  wmy  from  Sandy  Bay  to  Colonarie  it  was  evident  that  much  black  volcanic 
sand  had  recently  gathered  on  the  beaches,  and  that  the  sea-waves  were  only  slowly 
distributing  it  along  the  shore. 


THE  GEOLOGICAL  EFFECTS  OF  THE  ERUPTIONS. 

The  South  Part  of  St.  Vincent  in  June.  1902. 

W^hen  we  arrived  in  St.  Vhncent,  on  tlie  10th  June,  and  landed  at  Kingstown,  it 
was  not  without  an  effort  that  we  could  realise  that  so  recently  a  great  eruption  had 
darkened  the  air  with  falling  dust  and  scoria.  The  south  end  of  the  island  was  a 
scene  of  tropical  beauty — the  rugged  peaks  and  narrow  valleys  being  clad  in  a  dense 
mantle  of  green  vegetation.  In  Barbados  a  thin  layer  of  dark  mud  had  been  visible 
on  the  usupRy  white  surface  of  the  limestone  roads,  the  remains  of  “the  dust”  ;  but 
in  Kingstown  it  required  a  rather  careful  search  to  find  traces  of  the  recent  deposit. 
The  depth  of  the  fall  of  ashes  had  been  small — not  over  half  an  inch,  and  the  rains 
had  already  washed  it  almost  entirely  into  the  sea.  As  we  journeyed  along  the  lee¬ 
ward  coast  it  was  not  till  we  reached  Chateaubelair  that  any  striking  evidence  of  the 
volcanic  activity  was  visible.  To  the  south  of  that  point  a  few  torn  leaves  on  the 
trees,  a  thin  layer  of  scoriaceous  pebbles  on  the  fields,  or  a  roof  damaged  by  a  falling 
stone,  were  all  that  we  saw  to  testify  to  the  recent  rain  of  ashes 
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In  Chateaubelair  the  deiJtli  of  the  deposit,  as  measured  on  the  roofs  of  the  houses, 
a  day  or  two  after  the  eruption,  varied  from  2|-  to  about  4  inches  at  the  south  end  of 
the  village.  It  increased  rapidly  as  it  was  traced  northwards,  and  may  have 
been  nearly  a  foot  at  the  north  side  of  Eichmond  Yale.  Some  of  the  stones  which 
fell  there  were  a  foot  across.  At  Petit  Bordel  the  largest  stones  weighed  about 
10  pounds.  At  Barrualli  and  Layu  the  thickness  of  the  layer  of  ash  was  from  to 

inch,  and  the  largest  stones  were  two  or  three  inches  in  diameter.  In  Kingstown 
the  deposit  was  less  than  half  an  inch,  and  pumiceous  stones  about  the  size  of  a  hen’s 
eo-v  were  found  in  the  streets. 

On  the  windward  side  of  the  island,  as  we  drove  to  Georgetown,  ash  deposits  were 
first  noticed  in  the  fields  about  Colonarie,  where  thev  had  been  2  or  3  inches  thick, 
and  after  passing  Black  Point  we  found  abundant  remains  of  the  ejecta  of  the  volcano 
everywhere^ — on  roadsides,  arrowroot  fields,  and  on  the  steeper  ground  inland.  Much 
of  the  finer  material  had  been  washed  away  Ijy  the  rains,  what  was  left  was  mostly 
the  coarser  sand,  pumiceous  scoria,  and  fragments  of  the  old  andesitic  rocks  of  the 
mountain,  at  most  3  or  4  inches  across.  Nearer  Geoigetown  the  sheet  of  ash  was 
thicker,  and  in  the  streets  and  gardens  of  the  houses  in  the  village  the  old  soil  was 
covered  to  a  dej^th  of  1  to  2  feet.  The  average  original  thickness  of  the  deposit  may 
have  been  18  inches.  As  the  ground  was  fiat,  not  much  had  been  washed  away  except 
the  very  finest  dust  from  the  surface  ;  the  ash  had  been  trodden  down  and  was  heaped 
up  in  places  where  it  had  fallen  from  the  roofs  or  had  been  thrown  out  of  the  hoiises. 
Stones  over  a  foot  in  diameter  had  fallen  in  Georgetown.  The  Anglican  Minister,  the 
Eev.  Mr.  Bell,  showed  us  where  one  had  penetrated  the  roof  of  his  study.  In  the 
churches  and  houses  nearly  all  the  windows  were  broken,  there  was  hardly  a  whole 
pane  of  glass  in  the  village.  The  damage  had  been  greatest  in  the  windows  facing 
the  sea  and  not  in  those  looking  to  north,  south,  or  to  west.  The  materials  had 
evidently  been  projected  to  a  great  height  in  the  air,  and,  falling  through  the  steady 
current  of  the  trade-wind,  had  acquired  a  westward  velocity.  They  had  fallen  in  a 
slanting  direction,  for  where  a  window  was  protected  by  an  overhanging  verandah,  the 
panes  of  glass  in  the  upper  part  iiad  often  escaped  destruction.  But  the  windows 
looking  towards  the  volcano  had  also  suftered,  though  in  a  less  degree.  Not  many 
large  stones  were  to  be  seen  in  the  fields,  but  we  were  told  that  they  fell  for  the  most 
part  on  the  afternoon  of  Wednesday,  and  were  covered  ovei'  by  the  subsequent  rain 
of  small  scoria  and  fine  dust.  The  larger  blocks  fell  in  occasional  showei  s,  but  it  was 
not  noticed  that  these  followed  any  particularly  loud  detonations  from  the  volcano. 
T1  le  bananas  and  plantains,  the  mangoes,  the  bread-fruit,  the  cabbage  and  cocoanut 
palms  had  had  their  leaves  torn  ofi’  by  falling  stones.  Many  were  still  standing  leaf¬ 
less,  other's  were  putting  out  irew  growth.  The  crops  in  the  gardens  were  buried,  but 
in  the  fields  behind  the  town  the  rains  had  washed  away  more  of  the  material  and  the 
arrowroot  was  reappearing  in  patches.  In  the  south  end  of  the  town  and  around 
Grand  Sable  House  torrents  of  thick  brownish  mud  had  flowed  over  the  fields  and 
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roads  from  tlie  slopes  behind.  From  these  last  the  ash  was  mostly  washed  away  and 
deep  furrows  had  been  cut  in  the  naked  soil, 

A  few  houses  were  set  on  fire,  perhaps  by  lightning  or  possibly  by  hot  falling  stones. 
Others  had  collapsed  under  the  weight  of  the  ash  which  gathered  on  the  roofs,  while 
several  had  been  knocked  down  by  streams  of  mud  on  the  day  of  the  heavy  rains. 

The  difference  between  the  thickness  of  the  ash  deposit  and  the  amount  of  damage 
done  in  Georo-etown  and  at  Chateaubelair  is  so  strikinof  as  to  deserve  discussion. 
Though  Georgetown  suffered  most,  it  is  quite  a  mile  more  distant  from  the  crater. 
There  is  no  reason  to  believe  that  the  black  cloud  of  dust  passed  over  either  of  these 
places ;  the  effects  observed  are  entirely  due  to  the  rain  of  ashes  during  the  afternoon 
and  night  of  the  7th  May.  Whatever  may  be  the  reason,  it  is  clear  that  the  crater 
projected  a  larger  amount  of  material  to  eastward  than  to  westward.  This  is  in 
accordance  with  observations  made  by  Mr.  McDonald  from  Chateaubelair  during  the 
forenoon  and  up  till  2  o’clock  on  Wednesday.  He  saw  many  showers  of  stones 
“  principally  to  windward.”  Part  of  the  dust,  however,  that  fell  in  Georgetown 
may  be  due  to  a  slow  lateral  spreading  of  the  margins  of  the  black  cloud  after  its 
first  velocity  and  heat  had  diminished.  Chateaubelair  is  protected  by  several  ridges 
and  spurs  which  lie  between  it  and  the  crater,  but  to  the  north  of  Georgetown  sj^reads 
the  level  Carib  Country.  The  strength  of  the  trade-wind  appears  to  have  been  unable 
to  direct  most  of  the  material  to  leeward  :  it  must  have  been  hurled  out  of  the  throat 
of  the  volcano  in  an  eastward  direction  against  the  wind. 

All  the  country  north  of  Black  Point  (south  of  Georgetown)  on  the  windward,  and 
from  the  north  side  of  Chateaubelair  on  the  leeward  coast,  and  of  a  line  passing  between 
these  two  points  and  over  the  summit  of  Morne  Garu,  showed  on  its  surface  a  covering 
of  ashes  more  or  less  deep.  Within  this  area  there  was  another  less  extensive  region 
in  which  the  damage  to  vegetation  had  been  severe,  and  everything  presented  a  burnt 
and  scorched  appearance.  This  is  the  true  “  devastated  country,”  and  its  southern 
border  starts  about  half  a  mile  north  of  Georgetown,  and  running  along  the  ridges  to 
the  summit  of  Morne  Garu,  descends  by  the  spurs  on  the  leeward  side  to  the  south  side 
of  the  mouth  of  the  Richmond  River,  a  mile  north  of  Chateaubelair.  It  does  not 
include  quite  the  whole  of  St.  Vuncent  north  of  this  line  :  as  at  Owia  and  Sandy  Bay, 
in  the  north-eastern  corner  of  the  island,  there  was  comparatively  little  damage  done 
to  the  vegetation  (though  the  ash  gathered  to  a  depth  of  several  inches).  The  boundary 
must  be  represented  by  a  line  drawn  so  as  to  exclude  this  quarter.  (See  map, 
Plate  39.)  In  the  country  included  within  this  line  not  only  was  vegetation  greatly 
injured  or  destroyed,  but  many  of  the  inhabitants  and  most  of  the  cattle  in  the  fields 
were  killed.  Outside  this  line  no  one  died  directly  from  injuries  received  from  the 
volcano.  Consequently  it  marks  the  limit  of  the  “  danger  zone.” 
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The  Deposits  in  the  Wallibu  Valley. 

In  that  great  depression  which  lies  on  the  south  side  of  the  Soufriere,  between  that 
mountaiji  and  the  Morne  Garu,  the  ejecta  of  the  recent  eruption  have  accumulated 
to  a  far  greater  depth  than  elsewhere  in  the  devastated  country,  and  there,  also,  was 
the  most  complete  destruction  of  vegetation,  and  the  greatest  loss  of  life.  The 
western  side  of  the  valley  is  drained  principally  by  the  Wallihu  Pviver,  the  eastern 
by  the  Pabaka  Dry  River,  and  the  geological  phenomena  exhibited  along  the 
course  of  these  streams  and  their  tributaries  are  most  interesting  and  important. 

The  western  valley,  that  of  the  Wallihu,  is,  as  already  described,  uidike  the 
common  type  of  Antillean  valleys,  in  being  Inroad,  open,  and  flat-bottomed,  especially 
in  the  lower  parts.  The  higher  affluents  which  drain  the  southern  flanks  of  the 
Soufriere  have  that  steep-sided  character,  with  drooping  taluses  of  ash  alternating 
with  vertical  cliffs  of  lava,  which  mark  the  mountain  ravines  of  St.  Vincent.  But 
ill  the  lower  parts  of  its  course  the  Wallibu  River  has  a  comparatively  gentle 
gradient,  and  along  the  coast  at  its  moutli  there  is  a  considerable  expanse  of  fairly  level 
ground.  This  is  separated  from  another  similar  valley,  that  of  the  Wallibu  Dry  River, 
on  the  north,  by  a  flat-topped  ridge  which  rises  behind  the  plantation  works 
of  WalJibu.  To  the  north  of  this,  behind  the  Carib  village  of  Morne  Ronde,  the 
mountain  rises  rapidly  and  steeply,  while  on  the  southern  side  the  rugged  mass 
of  Ptichmond  Peak  overlooks  the  plain  beneath.  To  the  south,  the  Wallibu  River 
is  separated  by  a  sharp-topped  spur  from  the  valley  of  the  Ptichmond  River,  which 
also,  in  its  lower  part,  has  only  a  slight  fall  and  a  comjDaratively  slow  current. 

The  Richmond  Valley  is  carved  in  an  old  series  of  lavas  and  ash  beds  which  seem 
to  have  proceeded  from  the  Morne  Garu  volcano.  They  dip  gently  westwards  to 
the  sea.  But  the  valleys  of  the  Wallibu,  and  Wallibu  Dry  River  have  been  cut  out 
of  that  series  of  ash  beds  and  coarse  agglomerates  (see  Plate  30,  fig.  2),  well-bedded 
and  without  alternations  of  lava,  which  constitute  the  southern  part  of  the  Soufriere 
near  its  base,  and  are  the  record  of  the  most  recent  phases  of  its  volcanic  activity. 
So  soft  is  this  material  that  on  successive  visits  we  could  see  that  the  streams  flowing 
in  it  had  deepened  their  channels  by  seimral  feet  in  a  couple  of  days.  This  may 
account  for  these  rivers  having  reached  an  approximate  base  level  before  the  others 
in  the  island. 

From  the  mouth  of  the  Richmond  River  to  that  of  the  Rozeau  Drv  River  along 
the  coast,  and  thence  up  the  valleys  of  the  AVallilui  and  Wallibu  Dry  Rivers,  the 
surface  is  covered  with  a  mass  of  recent  ash  deposit  of  irregular  and  varying 
thickness  (see  Plate  25,  fig.  2).  It  is  thinnest  on  the  hack  of  the  ridge  on  which 
stands  the  dwelling-house  of  Wallibu-— where  it  attains  the  de2:)th  of  four  or  five 
feet.  Here  it  was  deeply  furrowed  with  rain-illls,  which  had  a  ijinnate  arrange¬ 
ment  (see  Plate  26),  Tlie  slopes  on  each  side  of  this  ridge  are  very  steep  and  on 
them  little  ash  I'ested  ;  the  rains  had  already  washed  the  greater  part  down  upon 
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the  level  gTound  beneath.  The  trees  where  not  uprooted  and  cast  down  were 
beginning  to  put  out  fresh  green  leaves.  The  wet  and  sticky  black  mud  hung  in 
festoons  on  the  slope,  separated  by  sharp  narrow  little  rivulets  cut  by  the  water  (see 
Plate  28,  fig.  1). 

Along  the  sea  cliffs  and  on  the  banks  of  the  streams  excellent  sections  were 
exposed,  both  of  the  layer  of  new  hot  ash,  and  of  the  older  tuffs  on  which  it 
rested  (see  Plate  25,  fig.  1).  The  deposits  of  the  recent  eruption  varied  from  5  feet 
to  about  40  feet  in  depth,  as  seen  in  these  sections.  They  formed  irregular  hog- 
backed  rounded  mounds,  the  long  axes  of  which  were  roughly  parallel  to  the 
direction  of  the  valley,  resembling  in  many  ways  the  drumlins  of  boulder  clay  which 
one  sees  on  the  low  grounds  of  Scotland  (see  Plate  25,  fig.  1),  These  rounded 
mounds  of  sand  bore  no  very  close  relationship  in  their  disposition  to  the  pre-existing 
features  of  the  topography ;  the  thickest  deposits  were  not  in  every  case  in  the  old 
stream  valleys,  but  the  sand  seemed  to  have  been  irregularly  heaped  and  not  sjjread 
out  into  a  sheet  with  level  upper  surface. 

It  was  not  difficult  to  see  that  originally  the  deposits  had  had  a  smootli  and 
rolling  character,  though  the  rains  had  scored  them  deeply  with  a  converging 
pattern  of  stream  channels.  We  saw  no  evidence,  however,  of  wind-rippled  surfaces, 
or  of  dunes ;  it  looked  rather  as  if  a  vast  mass  had  been  dumped  down  suddenly  in 
great  irregular  mounds,  and  then  the  rain  of  ashes  and  of  stojies  had  smoothed 
the  surface  over. 

In  the  upper  part  of  the  valley  of  the  Wallibu  Dry  Piver  the  rolling  surface 
of  the  fields  of  ash,  with  rain  sculpture  everywhere,  was  very  like  that  seen 
along  the  shore,  but  it  was  only  in  the  main  stream  channels  that  the  undeilyiug 
tuffs  were  visible,  and  the  thickness  of  the  recent  accumulation  could  be  ascertained. 
It  was  mostly  from  5  to  12  feet  deep,  and  here  also  it  presented  little  uniformity 
in  this  respect. 

But  the  channel  of  the  AVallil)u  Ptiver  was  on  the  whole  more  narrow  and  steep¬ 
sided  than  that  of  the  Wallibu  Dry  Biver.  It  was  from  400  to  600  yards  wide 
and  from  200  to  400  feet  deep.  Here  the  deposit  was  of  greater  thickness  and 
had  suffered  more  severe  erosion.  Its  original  depth  could  not  be  made  out  with 
certainty,  but  at  the  time  we  saw  it,  it  was  from  60  to  80  feet  thick  in  some  places 
(see  Plate  29,  fig.  2). 

The  river  flowing  tlirough  the  masses  of  sand  which  had  been  heaped  up  in  its 
channel  had  cut  a  deep  narrow  gorge,  sometimes  with  perpendicular  walls.  More 
frequently  on  one  or  both  sides  of  the  stream  there  was  a  series  of  terraces  wliich 
varied  in  breadth  from  a  few  feet  to  20  or  30  yards.  As  many  as  six  of  these  could 
sometimes  be  seen  one  above  the  other  (see  Plate  29,  fig.  1).  They  had  all  the  marks 
of  river  terraces  cut  by  water,  the  highest  were  always  farthest  from  the  stream,  and 
their  surfaces  had  a  gentle  slope  down  the  valley.  Where  sections  of  these  terraces 
were  exposed  it  was  evident  that  they  were  eroded  out  of  the  thick  deposit  of  new 
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hot  ash.  They  were  bounded  towards  the  river  by  sharji  slopes,  from  1  foot  to  10 
or  12  feet  high,  by  which  the  surface  descended  from  one  terrace  to  another,  and  little 
landslips  frequently  took  j^lace  as  the  loose  material  dried  after  rains  and  tumbled 
down  the  bank  upon  the  terrace  beneath  (see  Plate  29,  fig.  2).  They  were  not,  as  a 
rule,  equally  numerous  and  well-developed  on  both  sides  of  the  stream  ;  commonly 
on  one  side  there  was  a  vertical  cliff,  while  on  the  other  several  terraces  might  be 
seen.  Traced  down  the  stream  few  of  them  extended  for  more  than  70  to  100 
yards,  and  they  were  l)est  seen  during  the  last  mile  of  the  river  s  course,  where  it 
runs  on  the  south  side  of  the  flat-topped  ridge  behind  Wallibu  estate. 

Tlie  origin  of  these  terraces  is  not  difficult  to  explain.  Immediately  after  the 
eruption  the  valley  was  more  or  less  completely  filled  with  fine  hot  ash,  mixed  with  a 
certain  proportion  of  coarse  blocks  and  bombs.  The  river  when  it  resumed  its  flow 
found  it  a  matter  of  no  great  difficulty  to  wash  out  or  re-arrange  this  material.  But 
the  rains  in  St.  Vincent  are  intermittent,  and  take  the  form  of  heavy  showers,  during 
which  the  streams  come  down  in  flood  and  frequently  are  raging  torrents.  At  other 
times  the  quantity  of  water  in  their  channels  is  very  small,  though  this  stream  was 
never  quite  dry  in  the  month  of  June  wlien  we  saw  it.  A  small  l)ody  of  water,  black 
as  ink  and  thick  with  mud,  was  always  flowing  to  the  sea,  steaming  strongly  and  very 
liot.  It  came  in  gushes  which  rushed  down  with  a  wave  in  front  of  them  (see 
Plate  23,  fig.  2),  several  inches  or  a  foot  in  height,  and  l)etween  these  the  current 
was  very  slight  and,  in  fact,  almost  ceased.  It  was  not  liot  water  but  black  boiling 
mud,  and  the  stronger  rushes  carried  with  them  pebbles  several  inches  in  diameter. 
On  one  occasion,  when  we  were  returning  from  an  ascent  of  the  mountain,  we  found 
one  of  the  smaller  streams,  which  we  had  crossed  dryshod  in  the  morning,  so  swollen 
l)y  heavy  showers  that  it  was  flowing  in  a  thick  black  current  2  or  3  feet  deep  and 
several  yards  across.  It  was  very  hot,  and  we  had  to  cut  down  some  of  the  bare  tree 
trunks  to  form  a  temporary  bridge.  Not  long  after  we  had  crossed,  this  was  carried 
away  by  the  current. 

This  thick  muddy  flow  constantly  bears  much  material  to  the  sea.  The  banks 
of  ash  on  each  side  frequently  slip  down,  especially  when  the  hot  sand  dries  after  rain, 
and  wlien  it  is  undermined  by  the  stream,  and  little  landslides  take  place  which 
temporarily  dam  back  the  current  till  the  pressure  of  water  increases  and  sweeps 
away  the  obstruction.  Hence  the  intermittent  flow  and  gushes  of  hot  mud.  A 
process  of  gentle  erosion  constantly  goes  on  in  which  the  river,  unable  to  deepen  its 
channel  rapidly,  keeps  widening  it  by  undermining  the  banks  on  each  side  and 
carrying  away  the  material  precipitated  into  the  stream. 

But  after  rains  the  magnitude  and  velocity  of  the  current  are  greatly  increased, 
and  its  cutting  power  so  enhanced  that  it  trenches  deep  grooves  in  the  ash  filling  its  old 
channel.  According  to  our  observations  the  increase  of  depth  may  amount  to  several 
feet  in  an  hour,  so  soft  is  the  recent  ash  and  so  rapid  and  powerful  are  the  torrents 
When  the  shower  is  over  the  flood  subsides  almost  as  rapidly  as  it  rose,  and  the 
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widening  of  the  gorge  by  the  action  of  the  gently  Howiiig  stream  of  thick  mud  is 
resumed,  though  now  at  a  somewhat  lower  level.  A  new  terrace  is  in  this  Avay 
formed  inside  of  the  old  one  which  has  been  partly  destroyed. 

In  the  upper  part  of  the  Wallibu  Valley,  at  a  distance  of  about  a  mile  from  its 
mouth,  it  widens  out  to  form  a  comparatively  broad  expanse,  where  the  principal 
tributaries  join  to  form  the  main  stream  above  Petit  Wallibu.  Here  was  a  wide 
plain  of  new  volcanic  ash  (see  Plate  28,  fig.  2),  which  at  the  time  of  oui’  visit  had  as 
yet'  been  ■  comparatively  little  eroded,  and  pi'eserved  in  some  measure  its  original 
surface  configuration.  The  streams  wliich  cross  this  flat  had  each  cut  its  gorge  in 
the  deposit,  but  between  these  there  still  lay  wide  stretches  of  the  recent  sand,  w'hich 
had  hardly  been  attacked  by  erosive  agents.  The  surtace,  .though  on  the  whole 
level,  w’as  rolling  and  irregular,  and  bore  several  pools  and  one  lake  of  greenish 
turbid  w’ater.  As  seen  from  a  distance  of  less  than  a  mile  this  lake  was  perhaps 
200  yards  long,  and  steamed  strongly,  the  water  being  apparently  quite  hot.  It 
was  impossible  to  get  near  to  it,  as  the  gorges  cut  in  the  hot  smoking  ash  could  not 
be  crossed  in  safety.  The  swelling,  hummocky,  gently-rounded  features  wdiich  had 
originally  characterised  the  ash-deposits,  had  in  this  area  not  yet  been  masked  by 
the  effects  of  erosion  as  in  the  stream  valley  lower  down. 

The  ash  which  had  gathered  in  the  valleys  of  the  Wallibu  and  Wallibu  Dry  Ptivers 
was  a  fine  sand,  nearly  black  when  wet,  but,  when  diy  and  hot,  brovuiish-grey  or 
buff  in  colour.  In  the  month  of  June  the  coating  of  fine  grey  dust  which  had 
at  first  formed  the  surface  layer  had  been  washed  away,  and  the  mass  of  the  material 
was  about  as  coarse  as  an  ordinary  sea  sand  or  a  little  coarser.  In  it  lay  many  lapilli, 
scoriaceous,  yellowdsh,  with  white  shining  crystals  of  plagioclase  and  dark  pyroxenes. 
Large  rounded  bombs  were  less  frequent,  but  many  could  be  found  varying  from  a 
few  inches  up  to  3  feet  in  diameter.  They  were  rounded  or  flattened,  witli  rough 
tuberculate  or  nodular  outer  surfaces,  and  when  broken  up  were  black  in  the  interior, 
vitreous  and  vesicular,  with  scattered  crystals  of  pyroxene,  plagioclase,  and  olivine. 
Ejected  blocks  of  the  w^eathered  andesites  and  reddened  decomposed  andesitic  tuffs, 
which  constitute  the  walls  of  the  crater,  were  quite  as  numerous  as  the  fresh 
spongy  vitreous  bomljs,  and  entirely  distinct  from  them  in  character  and  appearance. 
About  half  a  mile  north-west  of  Wallibu  works  were  some  ejected  blocks,  roughly 
cubical  and  measuring  5  feet  ’oy  4  feet  by  4  feet.  As  they  lay  upon  a  layer  of 
the  new  ash  they  could  not  have  fallen  from  the  cliffs  behind,  Ifom  which  also 
they  were  several  hundred  yards  distant.  In  the  same  place  were  bombs  over  2  feet 
across. 

Many  of  these  ejected  blocks  when  struck  with  the  hammer  broke  with  great  ease, 
and  large,  flat  pieces  commonly  flaked  oft’  their  surfaces.  They  had  been  intensely 
heated  before  being  projected  from  the  crater,  and  rapidly  cooled  in  their  passage 
through  the  air,  and  it  seemed  as  if  concentric  cracks  or  j^lanes  of  weakness  had  been 
produced  by  the  contraction  of  the  chilled  surface  on  the  hot  interior,  recalling  in 


432 


DRS.  T.  ANDERSON  AND  J.  S.  FLETT  ON  THE  ERUPTIONS  OF  THE 


many  ways  the  perlitic  structure  shown  hy  certain  igneous  glasses,  and  the  siaheroidal 
stiuctiire  of  weathered  dolerites. 

Another  type  of  rock  fairly  well  re})resented  among  the  blocks  imbedded  in  the  ash 
in  the'Wallihu  was  a  granular,  holo-crystalline  aggregate  of  felspar,  brown  horn¬ 
blende,  and  olivine  in  very  varying  proportions.  They  appeared  to  he  agglomera¬ 
tions  of  the  first  minerals  to  crystallise  out  of  the  igneous  magma  within  the  crater, 
but  a  minute  description  of  these,  and  a  discussion  of  their  origin,  may  be  deferred 
till  they  have  been  more  completely  investigated. 

The  most  striking  feature  of  the  Wallibu  deposits  was  the  scarcity  of  coarse 
material.  Certainly  over  90  per  cent,  of  the  whole  could  only  be  described  as  a 
volcanic  sand,  and  often  the  fragments  above  a  couple  of  inches  in  diameter  did  not 
form  over  3  per  cent,  of  the  mass.  These  statements  are  based  not  on  the  appear¬ 
ance  of  the  surface,  where  the  coarser  and  heavier  materials  had  been  concentrated 
by  the  action  of  rain  in  washing  away  the  finer  stuff,  but  on  the  vertical  sections 
afforded  by  the  cliffs,  ’^vhere  the  ash  could  be  inspected  in  the  condition  in  which  it 
fell.  There  were  not  a  few  places  where  we  found  it  impossible  to  collect  any  number 
of  stones  large  enough  to  yield  good  hand  specimens.  Where  the  larger  blocks  and 
bombs  did  occur  they  were  often  numerous,  forming  fields  of  stones,  and  in  each  area 
they  seemed  to  be,  as  a  rule,  of  the  same  kind,  as  if  the  materials  had  fallen  together 
like  the  rain  of  sparks  from  a  rocket.  In  one  place  we  might  find  a  cluster  of  bombs, 
in  another  of  ejected  blocks,  and  so  on,  and  each  diffei'ent  part  of  the  area  yielded 
distinct  types  of  rock. 

The  vertical  sections  of  the  new  ash  did  not  show  any  very  distinct  stratification, 
nor  were  the  larger  blocks  more  abundant  near  the  lower  surface.  Most  of  the 
material  was  as  little  stratified  as  a  recent  blown  sand.  At  the  base  lay  the  charred 
crops  of  sugar  cane,  not  burnt  up  or  destroyed,  but  rotting  Avhere  exjDosed  to  the 
atmosphere  under  the  attack  of  sajArophytic  fungi,  AAdiich  gave  out  a  stench  resembling 
that  of  guano. 

The  ash  itself  was  very  hot.  Probably  it  was  not  cpiite  red-hot,  though  as  we  were 
never  on  it  hy  night,  we  cannot  say  how  it  Avould  have  looked  in  the  dark.  But  if  a 
AvalkiiiP-stick  were  thrust  several  inches  into  it  and  AvithdraAvn  after  a  minute  or  two, 
the  brass  ferrule  was  too  hot  to  handle.  The  surface  AAdren  wet  AAvrs  cool,  firm,  and 
good  to  walk  upon,  exactly  resembling  a  fine  cinder  path.  After  showers,  hoAA'ever, 
it  soon  dried,  and  the  sides  and  bottoms  of  the  little  rain-ifflls  became  sufficiently  hot 
to  burn  the  naked  feet  of  our  coolie  porters.  From  cracks  in  the  ash,  through 
wdiich  water  had  percolated  to  the  interior,  steam  constantly  ascended  in  little  jets, 
which  deposited'thin  yelloAv  and  greenish  incrustations.  One  day,  as  we  AA^ere  being 
roAved  to  the  lairding-place  nt  the  mouth  of  the  Wallibu  EiA'er,  a  ■  landslijD  took 
place  in  the  dry,  yelloAAnsh  ash  on  the  top  of  the  Ioav  sea  cliff.  The  starmp  of  a  tree, 
Avhich  had  been  entoml^ed  in  the  ash,  Avas  in  this  Avay  exposed.  It  Avas  charred  but 
covered  Avith  a  film  of  grey  dust,  and  as  soon  as  the  air  touched  i-f,  the  Avood  burst 
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into  flame  and  sent  up  curling  wreaths  of  blue  smoke.  After  a  few  hours  without 
rain,  the  surface  of  the  fields  of  ash  ceased  to  steam,  and  the  haze  in  the  atmosphere 
gradually  cleared.  Then  all  along  the  valley  the  l3lue  smoke  of  burning  wood  rose 
from  the  banks  of  ashes  beside  the  river. 

Where  the  deposit  was  thick  the  interior  was  certainly  not  much  below  a  dull  red 
heat,  even  at  the  time  when  we  were  there.  A  month  after  the  eruption,  it  still  gave 
out  a  dry,  stuffy  smell,  recalling  hot  lime  freshly  raked  from  the  kiln. 

It  may  be  remarked  that  in  the  ash  there  was  much  charred  wood,  mostly  tlie 
remains  of  the  trunks  and  the  stouter  branches  of  trees.  They  v  ere  mere  renmants 
which  had  lost  every  vestige  of  their  original  form,  and  all  the  bark  and  the  smaller 
branches  had  vanished.  With  the  erosion  of  the  deposits  in  the  Wallibu,  much  of 
this  burnt  wood  was  swept  down  to  the  sea  and  floated  about.  The  villagei'S  diligently 
gathered  it  in  their  boats  and  stored  it  up  to  be  used  for  the  fires  on  which  they  cook 
their  food. 

Although  the  volcanic  sand  was  very  hot,  it  was  a  bad  conductor.  The  surface  had 
been  cooled  by  the  rains,  and  only  after  some  hours’  drought  did  it  even  feel  hot  to 
the  hand  except  in  the  rain  runnels.  But  the  water  did  not  penetrate  far,  and  at  a 
depth  of  a  foot  the  ash  was  quite  dry.  The  sugar  cane,  which  was  exposed  in  the 
Ijottom  of  the  rain  rills  in  the  cane  fields  around  Wallibu  Works,  had  probably  been 
covered  by  the  hot  ashes  for  several  days,  yet  it  was  not  destroyed,  only  charred  on 
the  surface.  The  wet  earth  beneath  had  cooled  the  under  layer  of  the  deposit. 

The  intense  heat  of  the  ash  explains  the  extraordinary  steam  explosions  which  took 
place  along  the  streams  after  heavy  rains.  Then,  from  the  Biver  Wallibu,  immense 
clouds  ascended  which  might  quite  fairly  be  compared  to  those  emitted  by  Yulcano  or 
Stromboli  during  an  eruption.  Often,  when  the  mornings  were  wet,  we  watched 
them  from  the  windows  of  Sea  View  Cottage,  near  Chateaubelair,  rising  in  great  masses 
over  the  ridge  which  lies  to  the  north-east  of  the  village  (see  Plate  23,  fig.  l). 
They  drifted  to  leeward  before  the  trade-wind,  strewing  the  waves  of  the  sea  with 
dust.  Great  gloljular,  turgescent  pillars  of  steam  would  shoot  up  in  a  few  seconds  to 
heights  of  about  2000  feet,  their  surfaces  covered  with  rounded  swelling  excrescences, 
expanding  and  multiplying  as  they  rose,  and  when  their  upward  velocity  was  spent, 
they  floated  slowly  away  before  the  wind.  They  were  exactly  like  the  cauliflower 
clouds  which  used  to  rise  from  the  fissure  on  the  southern  side  of  Pelee.  Often  at 
their  base  they  wei'e  grey,  but,  as  they  ascended,  their  margins  and  upper  surfaces 
would  change  to  brilliant  white  as  the  sun  illuminated  them.  Half  an  hour  after  the 
rain  was  over  they  ceased  to  appear,  or  were  very  much  diminished  in  size  and 
number. 

We  had  more  than  one  opportunity  of  seeing  their  origin  on  the  Wallibu  Piver, 
though  after  heavy  rains  it  was  not  possible  to  approach  very  near  the  banks.  But 
even  when  the  water  was  low,  steam  puffs  would  go  up  at  intervals.  They  invariably 
occurred  where  the  stream  was  washing  out  the  base  of  a  cliff  on  the  outside  of  its 
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bends.  The  loose  sand,  undermined  in  this  way,  would  tumble  down,  and  at 
the  contact  of  the  hot  ash  witli  the  water  a  great  column  of  steam  would  shoot 
into  the  air.  Very  little  noise  attended  these  outbursts ;  as  a  rule,  only  a  low,  faint 
rumble.  In  dry  weather  the  river  of  steaming  mud  flowed  quietly  along  its  channel, 
effecting  little  erosion,  and  few  explosions  were  to  be  seen.  But  when  it  came  down 
in  flood,  the  fine  ash  was  ploughed  out  like  snow,  and  enormous  outbursts  followed 
one  another  in  rapid  succession. 

It  is  not  desirable  to  be  caught  in  a  tropical  downjoour  of  rain  on  the  Soufriere,  as 
the  streams  rise  so  rapidly  that  they  cannot  be  crossed,  the  more  so  as  they  are  filled 
with  boiling  mud.  But  on  one  occasion,  when  we  were  descending  from  the  crater,  a 
short  but  heavy  shower  overtook  us.  The  Rozeau  Dry  River  lies  to  the  west  of  the 
trail.  It  had  been  dry  when  we  were  going  up  ;  as  we  came  down  it  was  filled  vdth 
a  thundering  inky  torrent,  30  feet  broad,  roaring  along  at  20  miles  an  hour.  The 
new  ash  had  already  been  very  thoroughly  cleaned  out  of  the  uj^per  portion  of  the 
valley,  but  down  below  there  were  still  remains  of  the  hot  sand  deposit,  and  as  the 
torrent  spread  down  the  stream,  it  carved  into  the  banks  of  ash,  which  seemed  to 
melt  away  before  its  attack.  As  the  water  touched  the  hot  sand,  pillars  of  black  mud 
capped  with  a  great  club-shaped  cloud  of  steam  towered  into  the  air.  It  was  a 
marvellous  and  beautiful  spectacle,  the  column  of  water  curving  outward  at  its  apex, 
and  dropj^ing  down  like  a  fountain,  while  over  it  23layed  the  delicate  feathery  steam 
cloud,  the  height  of  which  we  estimated  at  700  to  800  feet.  It  might  well  be  com¬ 
pared  to  a  geyser  of  boiling  mud,  and  the  contrast  between  the  black  base  and  the 
pearly  apex  heightened  its  beauty. 

The  Carib  Country  and  the  Valley  of  the  Rahaka  Dry  River. 

On  the  windward  side  of  the  island,  in  the  CArib  Country,  and  the  ravine  of  the 
Rahaka  Dry  Ptiver,  the  2)henomena  already  described  in  the  valley  of  the  AVallibu 
and  Wallibu  Dry  River,  on  the  leeward  side,  am  repeated  in  all  their  essential 
features,  though  with  a  few  not  unimportant  differences.  'The  topographical  condi¬ 
tions  are  here  considerably  simpler  than  on  the  western  side,  as  in  the  Carib  Country 
we  have  a  broad  triangular  plain,  the  base  of  which  rests  on  the  sea  shore,  and 
extends  from  south  of  Georgetown  to  Overland  Village,  while  the  apex  is  placed  some 
distance  afjove  Lot  14  estate  (see  Plate  2l,  fig.  1).  It  slopes  gently  to  the  sea 
coast,  and  though  its  surface  shows  tiaces  of  old  eroded  terraces,  masked  with  an 
accumulation  of  loose  surface  deposits,  it  is  crossed  by  no  prominent  ridges,  but  forms 
a  smooth  expanse,  which  is  entirely  under  cultivation,  and  I)efore  the  eruption  was 
considered  the  best  agricultural  district  in  the  whole  island.  Across  this  sloping 
plain  several  streams  flow  in  shallow  valleys,  the  most  important  being  the  Rahaka 
Diy  River. 

The  conditions  already  described  as  prevailing  at  Georgetown  are  typical  of  the 
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whole  Carib  Country.  It  is  buried  under  a  sheet  of  ashes,  the  depth  of  which  to  the 
south  of  that  village  is  only  a  few  inches,  but  increases  as  it  is  traced  northward  to 
Eabaka,  Waterloo,  and  Orange  Hill,  where  it  is  often  3  feet.  At  Overland  the 
deposit  again  thins  out  to  less  than  1  foot,  and  from  thence  to  Victoria  Village  must 
probably  have  been  at  first  less  than  this,  though  the  powerful  action  of  the  rains  on 
the  steep  hill  slopes  in  this  quarter  had  removed  the  greater  part  of  it  before  our 
arrival.  Traced  inland,  this  sheet  of  sand  and  scoria  gradually  thickens,  and  above 
Imt  14,  on  the  flat  ground  known  as  the  Mahoe,  it  was  probably  in  many  places  5  feet 
deejo.  Over  the  whole  of  this  country  the  rains  had  caused  immense  erosion,  and 
everywhere  the  surface  was  sculptured  with  furrows  and  runnels  (see  Plate  21, 
fig  2).  Where  these  united,  they  had  formed  considerable  streams,  which  had  cut 
downwards  into  the  soft  red  earth  which  underlay  the  new  ash,  and  sometimes  in  the 
midst  of  a  level  cultivated  field  a  gully  20  feet  wide  and  12  feet  deep  would  testify 
to  the  rapid  and  intense  erosion  which  these  transient  torrents  had  effected. 

The  original  surface  configuration  of  the  fields  of  ash  had  been  greatly  modified 
before  the  middle  of  June,  when  we  were  there,  but  it  was  clear  that  they  had  at 
first  been  characterised  by  a  smoothed  and  strewn  appearance  resemWing  that  of  a  fall 
of  snow.  They  were  covered  with  rain-rills,  the  arrangement  of  which  depended  to  a 
considerable  extent  on  the  slope  of  the  ground,  for  where  that  was  slight,  the 
tributary  furrows  united  to  form  a  main  channel  at  comparatively  high  angles,  and 
were  often  tortuous  ;  but  where  the  slope  was  high  the  rills  were  straight  and  nearly 
parallel.  For  yards  they  would  run  side  by  side,  separated  only  by  a  narrow  ridge, 
a  foot  or  more  in  height,  and  they  united  to  form  larger  channels  only  where  the 
gradient  diminished  (see  Plate  28,  fig.  1). 

The  finer  dust  had  disappeared  from  the  surface,  and  only  the  coarser  sand,  lapilli, 
bombs,  and  ejected  blocks  remained.  On  the  whole  there  seemed  to  l)e  a  greater 
abundance  of  coarse  material  and  large  stones  than  in  the  Wallibu  Valley.  This  may 
have  been  a  consequence  of  the  greater  rainfall  on  the  windward  side  of  the  mountain, 
which  had  removed  the  finer  ingredients  more  completely,  and  it  must  also  be  borne 
in  mind  that  two  rainy  weeks  had  elapsed  since  we  had  explored  the  valley  of  the 
Wallibu.  Still,  an  impression  was  left  on  our  minds  that  bombs,  ejected  blocks  and 
large  lapilli  were  commoner  here  than  on  the  leeward  side."^  This  did  not,  however, 
eftace  that  distinctive  character  of  the  ejecta  of  the  Soufriere  already  noted,  for  still 
the  fine  material  greatly  preponderated,  and  the  new  ash  might  l^est  be  described  as 
a  sand  and  dust  deposit.  Boinbs,  2  or  3  feet  in  diameter,  were  not  uncommon,  and 
the  different  kinds  of  rock  found  at  Wallibu  were  all  present  here  also. 

In  the  Carib  Country  there  were  none  of  those  round  backed  ridges  of  sand — 
30  or  40  feet  deep  in  their  centres — which  were  seen  on  the  Wallibu  Dry  Piver. 
The  uniformity  in  depth  of  the  sheets  of  ashes  and  their  smoothed  iq^per  surfaces 

*  ISIr.  E.  0.  Hovey  is  of  the  same  opinion  :  “  Martinique  and  St.  Vincent :  a  Preliminary  Report  upon 
the  Eruptions  of  1902  ”  ‘Bull,  Amer.  Museum  Nat.  Hist.,’  vol.  16,  p.  339,  1902. 
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were  far  more  noticeable  here  than  on  the  leeward  country.  There  was  nothing  to 
show  that  the  material  had  been  dumped  down  suddenly  in  irregular  heaps  by  an 
avalanche ;  it  was  more  easy  to  suppose  that  it  had  fallen  in  a  steady  rain  from  above 
and  the  regular  thinning  away  in  all  directions  outwards  from  the  crater  greatly 
favoured  this  supposition. 

During  the  days  of  heavy  rain  true  mud  lavas,  on  a  small  scale,  had  flowed  down 
some  of  the  streams.  They  were  thick,  pasty  currents  of  black  volcanic  sand  mixed 
with  water,  and  sometimes  liad  not  been  sufficiently  fluid  to  reach  the  sea,  as  the 
gradients  in  the  lower  parts  of  the  streams  are  low.  At  Waterloo  a  flow  of  fhis  mud 
could  still  be  seen  to  occupy  parts  of  the  stream  courses.  It  was  3  feet  thick,  and 
consisted  mostly  of  the  fine  material  from  the  surface  of  the  fields  of  ash. 

In  the  estates  along  the  shore  of  the  Carib  Country  the  damage  done  to  trees  and 
buildings  was  l)y  no  means  so  great  as  might  been  have  expected.  The  chimney  of  the 
factory  at  Tnrema  and  the  wall  of  an  old  store  at  lial)aka  were  knocked  dovm, 
probably  l)y  lightning.  The  iron  roofs  of  some  stores  and  verandahs  and  many  of  the 
ill-ljnilt,  trash-roofed,  wooden  huts  of  the  labourers  had  collapsed  under  the  weight  of 
the  pile  of  ashes  which  accumulated  on  them.  Some  of  the  thatched  huts  had  taken 
fire,  it  may  be  from  flashes  of  lightning,  or  possibly  from  hot  falling  stones,  for  we 
were  told  that  some  stones  broke  wlien  they  struck  the  ground,  and  their  interior 
was  red  hot.  The  trees  had  had  tlieir  bi'anches  l)roken  and  their  leaves  stripped  bv 
the  rain  of  scoria,  l)ut  were  mostly  still  living  and  renewing  their  foliage.  Some, 
however,  had  been  struck  by  lightning  and  their  trunks  had  been  split  asunder.  We 
were  told  tliat  many  had  had  their  branches  weighted  down  to  the  ground  or  broken 
oft'  the  stems  by  the  ashes  which  gathered  on  tliem  in  the  afternoon  and  night  of  the 
7t]i  of  May.  But  in  the  managers’  buildings,  though  everything  was  very  dirtv  from 
the  layer  of  ashes  which  had  covered  all  walls  and  furniture,  little  had  been  destroyed. 
The  glass  in  the  windows  was  often  In’oken  and  the  roofs  sometimes  perforated  hy 
falling  stones,  but  tlie  fin-niture,  the  stores  in  the  cellars,  the  machinery,  the  pictures, 
liad  not  been  destroyed  and  were  apparently  very  little  damaged. 

At  Lot  1 4  the  damage  had  been  greater,  the  village  of  labourers’  lints  was  ruined, 
partly  liy  fire,  jjartly  by  fine  weight  of  ashes  that  gathered  on  the  roofs.  But  the 
sugar  works  and  the  manager’s  house  were  not  much  more  injured.  In  the  house  the 
windows  wei'e  broken,  and  a  verandah  had  collapsed,  l)ut  nothing  was  burnt,  and  in 
the  cellar  below,  in  which  the  manager  and  his  family  had  taken  refuge,  eveiything 
seemed  to  be  in  its  normal  condition. 

The  stream  known  as  the  Rabaka  Dry  River  heads  in  a  seiles  of  tributaries 
which  flow  in  dee])  ravines  down  the  slopes  on  the  northern  side  of  the  Morne 
Gam  and  the  south  side  of  the  Soufriere.  I’hese  unite  to  form  a  main  trunk  which 
descends  to  the  Carib  Country,  at  first  through  a  valley  which,  though  not  so  pre¬ 
cipitous  on  its  sides  as  is  usually  the  case  in  the  mountain  gorges  of  St.  Vincent,  is 
still  a  dee])  and  well-marked  trough,  Iiut  al)Out  half  a  mile  al)ove  its  moutli  the  river 
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enters  a  shallow  open  broad  channel,  which  is  partly  filled  with  terraced  masses  of  ash. 
This  is  known  as  “  the  lava  bed,”  and  the  accumulation  is  said  to  be  the  product  of 
the  eruption  of  1812.  Before  that  time  the  river  is  believed  to  have  flowed  more  or 
less  continuously,  but  since  then  it  often  dries  up  for  weeks  together,  and  its  flow  is 
considerable  only  after  rains.  That  at  Wallibu  so  much  more  water  should  be  found 
than  in  the  larger  stream  at  Babaka  is  certainly  a  curious  fact,  and  one  for  which  it  is 
not  possible  to  offer  an  explanation  without  making  a  thorough  study  of  tlie  geology 
and  physical  features  of  its  drainage  area — an  investigation  which  could  not  be 
undertaken  in  the  present  condition  of  affairs. 

In  the  upper  part  of  the  Babaka  Dry  Biver  enormous  accunuflations  of  hot  sand 
have  been  piled  up  exactly  like  tho.se  already  described  in  the  Wallibu  Valley 
(see  Plate  32).  We  were  told  by  Mr.  Spence,  who  is  well  acquainted  with 
the  district,  and  visited  it  along  with  us,  that  in  some  places  this  deposit  could 
not  be  less  than  200  feet  thick.  Certainly  it  had  almost  completely  olfliterated 
the  old  valley  of  the  river  at  more  than  one  point,  and  where  formerly  there 
had  been  a  deep  trough,  there  was  now  a  rolling  plain  of  black  sand,  through 
which,  after  rains,  a  .sluggish  stream  of  mud  wound  its  way,  but  on  a  dry  day  the 
steaming  channel  was  streamless.  Here  erosion  had  produced  much  smaller  effects 
than  on  the  leeward  side,  and  in  many  places  the  asli  had  been  practically  unattacked, 
and  the  original  nature  of  the  surface  could  be  well  seen  (see  Plate  34,  fig.  I).  It 
was  flattened  021  the  whole,  but  rolling,  hummocky,  and  uneven,  so  tliat  pools  of  water 
had  gathered  in  the  hollows,  and  in  these  little  deposits  of  alluvium  had  formed  from 
the  fine  materials  washed  into  tliem  by  the  luin.  The.se  pools  were  now  mostly  diy, 
and  the  dark  surface  of  the  a.sh  was  freely  steaming.  After  a  couple  of  hours  of  dry 
weather,  spots  of  grey  would  ap})ear  where  the  heat  had  been  sufficient  to  dry  the 
uppei-  layers.  Then  our  porters  coifld  with  difficiilty  cross  it  witli  bare  feet  ;  when 
wet  it  was  quite  cool  to  walk  upon.  The  deeper  parts  of  this  deposit  must  have  been 
at  a  very  high  temperature.  Where  the  hot,  grey  ash  was  exposed  by  landslips  in 
the  banks  of  the  stream,  it  had  a  stifling  stuffy  smell.  A  good  deal  of  charred  wood 
was  mingled  with  the  sand,  and  there  were  many  spongy,  vitreous  bombs,  but  angular 
broken  pieces  of  the  old  rocks  of  the  hill  made  up  far  the  greater  portion  of  the  coar.se 
material  in  the  mass.  As  a  whole,  however,  it  was  an  accumulation  of  sand  and  dust ; 
bombs  and  ejected  blocks  were  more  numerous  than  on  the  Wallibu,  but  formed  only 
a  small  percentage  of  the  mass. 

In  the  main  valley  of  the  Babaka  Dry  Biver  vast  quantities  of  this  material  had 
been  heaped,  but,  strange  to  say,  the  tributary  valleys  contained  far  less  of  it,  and 
the  great  pile  of  ash  in  the  main  channel  often  formed  dams  across  their  mouths, 
behind  which  lakes  of  water  and  of  liquid  mud  had  formed  (see  Plate  34,  figs. 
1  and  2).  On  several  occasions  great  and  .sudden  floods  of  mud  had  rushed  down  the 
stream,  and  it  was  clear  that  they  might  have  originated  by  the  water  eroding 
these  dams  till  they  were  so  weakened  that  they  gave  way  before  the  pressure  of 
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the  lake  of  mud  behind  them,  and  a  large  part  of  the  contents  of  one  of  the  lateral 
valleys  was  suddenly  discharged  into  the  river.  In  some  of  the  rawnes  these  lakes  of 
thick,  black  mud  were  quite  half  a  mile  long,  and  if  heavy  rains  should  cause  rapid 
erosion  by  the  main  stream,  flows  of  mud-lava  may  yet  take  place  on  a  large  scale. 
The  hot  sand  in  the  Rabaka  Valley  does  not  readily  form  mud.  It  is  too  hot  for  the 
rain  to  penetrate  far  below  the  surface,  and  the  water  evaporates  rapidly.  The  mud 
lakes  had  been  fllled  with  the  cold  material  from  the  slopes  above,  which  had  been 
washed  into  the  depressions  by  the  heavy  rainfall. 

The  terraces  and  other  features  due  to  .steam  erosion  exhibited  on  the  Wallibu  were 
repeated  in  all  their  essential  features  in  the  valley  of  the  Rabaka  Dry  River,  onR 
here  the  process  was  far  less  advanced,  owing  to  the  .smaller  body  of  water  which 
characterised  this  stream.  The  new  cut  gorge  was  not  over  20  or  30  feet  deep,  the 
terraces  on  the  wdiole  less  numerous  and  closer  together  (see  Plate  32).  Two 
or  three  of  them  could  often  be  seen,  3  or  4  feet  apart,  and  as  the  valley  was  broader 
than  that  of  the  Wallibu,  the  terraces  were  better  preserved  and  more  extensive. 
But  much  of  the  deposit  retained  its  original  rolling  surface,  and  only  a  part  of  the 
slieet  of  sand  in  the  valley  had  been  remodelled  by  running  water.  The  firces  of  the 
terraces  and  the  banks  overlooking  the  .stream  often  slipped  and  the  hot  grey  ash 
was  then  exposed.  It  showed  only  a  rudimentary  and  very  imperfect  stratification, 
and  at  a  depth  of  a  foot  or  so  the  sand  was  grey  and  quite  dry,  while  the  upper  part 
was  moist  and  of  a  darker  colour. 

Only  after  rains  did  water  occupy  the  stream  channel ;  usually  it  was  empty,  and 
the  moist,  stony  mud  on  the  bottom  continuously  steamed.  But  after  a  heavy  shower 
great  steam  explosions  rose  from  the  whole  upper  course  of  the  river,  and  probably 
they  were  no  less  violent  than  those  on  the  Wallibu  (see  Plate  31,  fig.  1).  As  the 
banks  were  lower,  the  landslides  of  hot  ash  were  smaller,  and  great  rolling  sudden 
steam-jets  were  not  so  frequent  as  on  tlie  leeward  side.  Sometimes  the  river  flowed 
hot,  black,  and  thick  witli  mud,  right  down  to  the  sea,  and  on  one  occasion  we  had 
to  ride  our  horses  through  the  surf,  as  a  current  of  mud,  several  inches  deep,  was  flowing- 
in  the  river,  and  was  too  hot  for  our  horses  to  cross  it.  This  was  only  after  severe 
rains,  as  in  most  cases  the  water  was  completely  evaporated  in  passing  through  the 
hot  sand  in  the  upper  part  of  the  channel. 

In  more  than  one  place  in  the  valley  of  the  Rabaka  Dry  River  we  observed  large, 
circular,  flat-bottomed  depressions,  some  of  which  were  perhaps  20  yards  in  diameter, 
while  others  were  not  more  than  8  or  10  feet  (see  Plate  33,  fig.  2).  At  most  they 
were  8  feet  deep,  and  often  they  occupied  the  apex  of  a  low  flat  cone,  tlie  diminutive 
size  of  which,  as  compared  with  the  broad,  flat  central  basin,  reminded  one  of  the 
lunar  craters.  Very  commonlv  the  surface  of  the  ash  fields  around  such  a  crater 
was  covered  with  scattered  blocks  in  considerable  numbers.  They  were  most  frequent 

*  As  this  proof  is  lieiiig  corrected  for  the  press,  ve  learn  that  such  mud-hovs  have  actually  taken  place. 
‘Sentry’  newspaper,  Kingstown,  November  28,  1902. 


SOUFKIERE,  AND  ON  A  VISIT  TO  MONTAGNE  PELEE,  IN  1902. 


439 


around  the  larger  pits,  and  from  their  arrangement  it  was  impossible  to  avoid  the  con¬ 
clusion  that  they  had  been  emitted  from  the  funnel  around  which  they  lay.  The  sharp 
cut  walls  of  ash  surrounding  these  depressions  showed  that  they  had  been  blown  out  of 
the  deposits  of  ashes  by  a  large  steam  explosion.  Usually  they  were  situated  on  the 
course  of  the  stream  (we  observed  none  at  any  distance  from  the  main  river  or  its 
tributaries),  and  in  one  place  there  were  three  of  them  in  contact  with  one  another, 
planted  on  the  river  banks.  They  were  incomjdete,  less  than  half  of  the  whole  circle 
remaining  in  each  case,  as  the  side  next  the  river  had  been  cut  away  as  the  stream 
deepened  its  gorge. 

We  did  not  see  any  of  these  pits  in  operation,  but  the  method  of  their  origin  is 
probably  as  follows  : — water  in  some  way  gets  access  to  the  undermost  and  hottest 
layers  of  the  ash,  probably  by  the  river  cutting  suddenly  into  its  banks  at  their  base 
and  undermining  them.  A  large  part  of  the  bank  then  at  once  subsides  into  the 
stream,  and  when  the  hot  ash  touches  the  water  large  masses  of  steam  are  imme¬ 
diately  generated,  and  the  explosion  lifts  the  super-incumbent  mass  and  carries  it 
upwards  into  the  air.  In  some  cases  many  tons  of  material  must  have  been  thus 
projected  into  space.  The  finest  dust  floated  up  to  great  heights,  and  was  wafted 
away  by  the  wind  ;  many  of  the  stones  must  have  been  shot  up  obliquely  and  have 
fallen  on  the  fields  of  ash  which  surrounded  the  focus  of  eruption.  But  a  very  large 
part  of  the  material  subsides  again  into  the  funnel-shaped  cavity  through  which  the 
steam  explosion  ascended.  It  is,  however,  not  sufficient  to  fill  it  up,  and  the  basin- 
shajied  depression  is  a  measure  of  the  amount  of  material  which  was  borne  away  by 
the  wind  or  projected  beyond  the  lip  of  the  funnel.  The  low,  Hat  cone  around  the 
crater  is  formed  liy  the  sand  and  stones  which  fell  just  outside  the  edge  of  the  cavity. 
There  \vas  no  evidence  that  more  than  one  explosion  had  taken  place  from  each  funnel, 
but  in  more  than  one  place  a  group  of  pits  was  seen  which  suggested  that  the  same 
process  was  several  times  repeated  at  approximately  the  same  spot. 

It  is  not  likely  that  they  were  occasioned  by  water  penetrating  through  cracks  on 
the  surface  and  reaching  the  hot  mass  below,  for  cracks  were  few  and  small  except 
where  landslides  were  taking  place  on  the  stream  banks,  and  in  no  case  were  fissures 
seen  in  connection  with  the  pits.  Possibly,  however,  after  heavy  rains,  springs  rising 
in  the  bottom  of  the  valley  may  introduce  water  into  the  basal  layers  of  the  deposit, 
and  in  this  way  steam  explosions  would  be  produced  with  exactly  similar  effects. 

In  the  valley  of  the  Wallibu  Dry  Piver  we  found  a  low,  flat  cone  some  30  yards 
across  at  its  base,  and  about  10  feet  high,  with  a  large  flat  central  crater  on  its 
summit,  perhaps  15  feet  across,  ch'cular,  some  3  feet  deep,  with  a  layer  of  mud  in  its 
interior,  and  around  the  lip  of  this  crater  were  three  others,  smaller  but  almost  equally 
perfect.  The  rains  had  somewhat  destroyed  the  structure,  a  little  lake  had  formed  in 
the  main  crater,  and  had  drained  out  through  a  notch  on  one  side.  It  stood  about 
15  yards  from  a  deep  narrow  gully  occupied  by  a  small  stream,  and  not  far  from 
the  base  of  a  high  bluff’,  so  that  the  introduction  of  water  below  the  surface  might 
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have  l)een  due  either  to  the  undermiriiiig  action  of  the  stream,  or  to  the  uprise  oi 
springs  from  lielow.  On  the  wliole  the  latter  seemed  the  more  probable  explanation. 
Similar  cones,  but  less  perfect,  \Yere  seen  elsewhere  in  the  same  valley  (see  Plate  31. 
fig.  1,  and  Plate  28,  fig.  2). 

The  Slopes  of  the  Mountain. 

The  condition  of  the  soutiiern  fianks  of  the  Soufriere  presents  in  most  respects  a 
very  comj^lete  contrast  to  that  of  the  Wallilju  and  Itabaka  Talleys  which  lie  beneath 
them,  for  while  in  these  much  deposition  of  new  inaterial  has  taken  place,  and  erosion, 
though  rapid,  has  not  yet  been  aide  to  bring  the  former  surface  to  light,  on  the 
higher  grounds  the  accuimdation  has  been  slight,  and  erosion  is  proceeding  at  a  very 
rapid  rate.  On  the  sharp  knife-edged  sjjurs  and  deep  ravines  of  the  south  side  of  the 
mountain  the  washing  action  of  the  rains  has  had  great  eftect.  Everywhere  the 
surface  of  the  new  ash  is  furrowed  witli  raiii-rills,  and  where  the  slopes  are  steep 
the  wet  mud  has  often  slipped  bodily  into  tlie  valley  bottoms.  The  deposit  must  have 
been  several  feet  deep  on  the  lower  part  of  the  hill  slopes,  but  exactly  how  deep  it 
was  can  no  longer  be  determined,  as  only  a  remnant  of  the  original  mass  remains, 
cjuite  insufficient  to  enable  a  judgment  to  be  formed  regarding  its  original  thickness 
and  disposition. 

The  sides  of  the  valleys  incline  at  angles  averaging  40°  (which  appears  to  be  about 
the  angle  of  repose  of  the  taluses  of  weathei'ed  ash),  except  where  the  edges  of  the  few 
lava  beds  visible  in  this  quarter  form  vertical  clifts.  On  the  gentler  slopes  the  ash 
still  hangs  in  festooned  masses,  the  discontinuous  i-emains  of  a  sheet  once  spread 
over  the  whole  surface.  The  rain  has  cut  down  to  the  old  soil  and  laid  bare  the 
scorched  vegetation,  wliich,  as  its  mots,  being  surrounded  with  dam])  earth,  v^ere  often 
not  destroyed,  is  slowly  recovering  and  sending  up  scattered  leaves  of  fresh  green 
amony  the  drearv  wastes  of  mud. 

Tlie  I'aiu  scid])ture  furnished  a  most  interesting  subject  of  study,  for  it  presented  a 
very  great  variety  of  forms  which  depended  princi])al]y  on  the  original  slope  and 
configuration  of  the  surface  on  wliich  it  rested.  Where  the  ground  was  steep  the  rills 
were  many,  narrow,  and  straiglit,  with  small  furmws  joining  them  on  each  side  in  a 
manner  reminding  one  of  the  pinnules  of  a  feathei’.  They  mu  side  by  side  down  the 
slo])es,  converging  only  slowly  to  unite  to  form  a  main  channel  of  a  higher  order.  The 
intervening  ridges  were  2  or  3  feet  high,  and  perhaps  twice  as  broad  at  their  base, 
their  summits  gently  rounded,  their  sides  fiuted  v'ith  minor  fuii'ows.  Often  one  of 
these  ridges  had  collapsed  oi'  slid  down,  and  its  mmains  been  washed  away  ;  and  this 
somewhat  diversified  the  usual  regularity  of  the  features.  As  erosion  advanced  the 
furrows  broadened,  as  the  loose  ash  was  more  easily  removed  than  the  old  rock  beneath 
the  soil,  and  the  ridges  between  wasted  away,  getting  thinner  and  thinner. 

On  the  more  level  ground  the  scul|)ture  recalled  rather  the  tributaries  of  a  river, 
tortuous,  irregular',  converging  arid  frequently  uniting  to  form  a  large  main  trunk.  A 
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study  of  the  photographs  will  give  a  better  idea  of  the  features  ot  these  rills  than 
pages  of  description. 

In  many  places  the  sides  of  the  valleys  were  absolutely  bare,  and  not  only  had  the 
new  ash  been  removed,  but  with  it  much  of  the  old  soil  had  also  disappeared, 
as  might  be  seen  from  the  manner  in  which  the  roots  of  the  broken  trees  projected 
above  the  surface,  and  in  the  lakes  of  water  previously  mentioned  as  forming  in  the 
lateral  valleys  of  the  Habaka  Dry  River,  a  red  mud  from  the  eroded  soil  Avas  mixed 
with  the  black  mud  furnished  by  the  new  Amlcanic  ash.  Often  we  could  see  areas  of 
many  hundred  square  yards  absolutely  divested  of  the  covering  of  black  mud,  and 
sometimes  the  whole  side  of  a  valley  showed  it  only  in  one  or  two  patches  (see 
Plate  34,  fig.  2). 

Fine  sand  with  little  lapilli  had  formed  the  greater  part  of  the  material  which  lay 
upon  the  slopes.  Stones  of  any  size  were  very  few,  for  AAdren  they  fell  they  could  not 
rest  unless  they  buried  themselves  in  the  hot  sand,  but  rolled  down  into  the  ravines. 
This  was,  in  fact,  one  of  the  dangers  of  the  ascent,  as  the  rains  had  loosened  many 
stones  in  the  old  agglomerates,  and  when  once  they  were  set  in  motion  nothing  could 
stop  them  till  they  landed  in  the  stream  hundreds  of  feet  below.  The  ash,  as  a  rule, 
held  together  A^ery  Avell  when  it  was  AA^et,  hut  every  noAv  and  then  the  pressure  of  the 
foot  started  small  landslips,  AAdiich  tumbled  doAvn  the  slopes. 

In  the  deep  narrow  valleys  Avhich  score  this  side  of  the  mountain  little  of  the  neAV 
ash  w’as  left  (see  Plate  30,  fig.  2).  At  the  higher  elevations  a  patch  here  and  there, 
on  the  extremities  of  the  bends  or  behind  a  projecting  bank,  was  all  that  could  be  seen. 
Further  down,  flows  of  the  black  liquid  mud  had  congealed  in  the  channels,  unable  to 
traA'ol  further.  Once  a  sharp  shoAver,  brief  but  heavy,  OA^ertook  us  as  Ave  were 
descending.  Below  us  was  a  place,  “  the  rRer  bed,”  where  the  path  crossed  a  tributary 
of  the  Rabaka,  dry  except  after  rains.  As  we  did  not  Avish  to  be  cut  off  by  a  raging 
torrent,  we  hurried  down  to  get  OA^er  the  crossing.  The  stream  was  pouring  in  cascades 
OA^er  the  rocks  in  the  upper  part  of  its  course,  but  when  A^^e  reached  the  “  river  bed  ” 
there  was  no  water  there.  Looking  up  the  stream  we  saAv  a  creeping  mass  of  stiff 
black  mud  slowly  winding  its  way  down  the  channel  like  a  serpent.  The  water  was 
so  loaded  with  sand  and  mud  that  it  almost  ceased  to  floAv.  Had  the  rain  continued, 
of  course  an  inky  torrent  Avould  have  rushed  doAvn  into  the  lake  of  mud  in  the  lower 
end  of  the  valley.  Further  down,  where  the  ravines  entered  the  plains  of  the  Carib 
Country,  and  on  the  flat  ground  near  Wallibu,  some  part  of  the  masses  of  ash  originally 
piled  up  there  still  remained  (see  Plate  31,  fig.  2). 

We  have  mentioned  the  explosions  of  hot  ash  and  water  in  the  lower  part  of  the 
Rozeau  Dry  River.  The  remains  of  the  deposit  were  terraced  and  deeply  cut  into, 
a  mere  shadow  of  their  former  selves.  So  great  had  been  the  erosion  along  the  Avhole 
course  of  these  steep  valleys,  that  it  would  be  rash  to  say  to  what  extent  they  had  been 
encumbered  Avith  hot  sand  unmediately  after  the  great  eruption.  In  more  than  one 
place  there  were  still  40  feet  of  ashes  in  the  bottom  of  the  gorges  (see  Plate  30,  fig.  2). 

A"OL.  CC. — A.  3  L 
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Possibly  the  original  thickness  had  been  twice  or  thrice  as  great.  The  terracing  of 
these  deposits  was  often  very  fine,  and  in  other  places  subsidences  and  landslides  had 
taken  place,  and  the  surface  of  the  ash  was  fissured,  broken,  and  highly  huegular. 
Great  stones,  12  feet  across  and  more,  lay  in  this  ash,  whether  ejected  during  this 
eruption  or  fallen  from  the  old  agglomerates  in  the  clifts,  we  could  not  say. 

On  the  knife-edges  of  the  spurs  the  new  mass  still  lay,  firm,  coherent,  forming  an 
excellent  joathway,  so  smooth  that  one  might  have  thought  it  had  been  prepared 
expressly  for  the  foot  (see  Plate  35).  When  the  sun  shone  after  heavy  rain,  the 
smooth,  narrow,  winding  strips  of  fine  wet  ash  on  these  ridges  refiected  the  light, 
and  they  seemed  like  lines  of  silver  traced  on  the  dark-grey  background  of  the  hill.  On 
them  the  rain  had  little  power  of  erosion,  as  they  formed,  in  fact,  the  02ily  tracts  of  level 
ground  on  the  wdiole  mountain.  The  fine  dust  was  washed  aw^ay,  and  the  coarser  sand 
exposed  Ijy  the  beat  of  the  raindrops.  They  were,  as  a  rule,  from  2  to  5  feet  wide ; 
laterally,  as  the  slope  increased,  little  rivulets  formed,  at  first  so  small  that  they  had 
almost  no  cutting  powei',  and  on  each  side  of  the  smooth  central  line  there  was  a  strip 
fiuted  with  little  furrows.  This  passed  in  turn  into  the  sculptured  rill-marked 
surfaces  of  the  sides  of  the  valleys.  The  division  line  between  these  surfaces  was 
wonderfully  sharp,  for  as  each  channel  deepened  it  pushed  its  head  upwards,  and  the 
steep  upper  parts  of  the  erosion  curves  produced  little  rapid  descents,  by  which  one 
type  of  surface  graded  into  another. 

At  heights  above  2500  feet  the  gradient  of  the  path  became  somewhat  steeper, 
and  as  the  surface  here  was  covered  wdth  5  feet  or  more  of  fine  ash,  wdiich  when  wet 
became  a  pasty  mud,  it  was  more  toilsome  to  climb  this  slope  than  any  of  the  lower- 
parts  of  the  hill.  The  foot  sank  deejrly  in  the  soft,  wet  ash,  which  was  furrowed 
with  shallow  I'ain  grooves,  some  three  or  four  feet  deep,  the  edges  of  which  slipped 
away  wdien  we  endeavoured  to  cross  them.  The  deep  radial  valleys  which  trench  the 
liill  sides  gradually  pass  into  shallow,  wide  depressions  when  traced  up  to  this  level, 
and  the  oft-quoted  comparison  of  an  eroded  volcanic  cone  to  be  a  partially  opened 
umlrrella,  was  very  applicable  to  the  Soufriere.  The  greater  steepness  of  the  rrpper 
slopes  showed  also  that  the  mourrtairr  possesses  the  ty^rical  profile  of  ash  corres, 
thoirgh  this  was  by  rro  rrrearrs  very  eviderrt  irr  a  distarrt  view  owirrg  to  the  great 
erosion,  which  prodrrced  an  appeararrce  of  rugged  irregirlarity. 

This  ash  on  the  summit  of  the  cone  was  mostly  a  firre  black  powder,  srrrellirrg 
strongly  of  sulphuretted  hydrogerr,  brrt  irr  it  tliere  was  a  very  large  rrrrrrrber  of  ejected 
irlocks  arrd  bonrbs,  irrairy  of  them  on  the  surface,  but  apparerrtly  still  rrrore  were 
embedded  irr  its  mass,  as  if  the  last  rrrater-ial  to  gather  oir  the  slopes  had  corrtairred 
proportionately  fewer  of  the  coarse  ingredients.  The  ejected  blocks  were  ofterr  foirr 
or  five  feet  irr  diameter,  and  the  sporrgy  arrdesitic  borrrbs  not  seldom  two  or  three  feet. 
Marry  of  these  last  seemed  to  have  beerr  hot  arrd  plastic  wherr  they  fell  and  to  have 
stuck  together,  or,  at  arry  rate,  the  later  had  rrroulded  therrrselves  orr  the  sirrfaces  of 
the  earlier.  Tlioiruh  the  fr-anmerrts  of  the  old  lavas  arrd  ash  beds  which  had  been 
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torn  from  the  walls  of  the  crater  showed  in  their  brittle  condition  the  effects  of 
having  been  intensely  heated  and  suddenly  chilled,  tliey  were  never  fused  on  their 
surfaces,  and  presented  no  resemldance  to  the  true  bombs.  Occasionally  pieces  of 
much  charred  wood  entombed  in  the  ash  were  to  he  seen  in  the  sides  of  the  rain-rills. 
On  the  windward  side  the  proportion  of  large  fragments  in  the  ash  deposit  at  this 
level  was  especially  high,  and  where  much  of  the  finer  dust  had  lieen  washed  away, 
great  accumulations  of  stones  remained.  That  the  lower  slopes  were  so  bare,  while 
near  the  summit  fine  ash  remained  in  considerable  sheets,  was  due  to  the  deeper 
erosion  features  at  lower  levels.  The  sides  of  the  ravines  showed  angles  of  about  40°, 
the  winding  knife-edges  of  the  spurs  had  an  average  inclination  of  less  than  10°,  the 
summit  cone  sloped  at  about  25°  to  30°.  The  amount  of  erosion  of  the  new  ashes  was 
in  direct  proportion  to  the  steepness  of  the  slope  in  each  case.  It  must  also  be 
remembered  that  originally  the  depth  of  the  deposit  was  greatest  immediately  around 
the  crater  ;  in  some  of  the  shallow  valleys  it  was  at  least  12  feet,  and  may  have 
been  20  feet  in  places.  On  the  valley  sides  the  large  blocks  and  bombs  could  not 
rest  ;  they  rolled  down  the  steep  slopes  till  they  rested  in  the  bottom  of  the  ravines  ; 
but  on  the  edge  of  the  crater  they  had  accumulated,  partly  because  more  fell  there 
and  partly  also  because  the  surface  slanted  at  angles  sufiiciently  low  to  enable  them 
to  lodge. 

The  Grater. 

In  the  month  of  June  it  is  seldom  that  the  Soufriere  is  not  capped  with  cloud,  and 
one  may  consider  himself  fortunate  if,  after  climbing  the  hill,  he  obtains  a  clear  view 
of  the  crater.  Our  first  ascent — from  the  leeward  side — was  made  on  a  very  favour¬ 
able  day,  and  the  first  of  the  party  to  reach  the  edge  of  the  crater  coidd  see  the 
bottom  for  a  few  minutes.  Then  the  mist  closed  in,  and  only  once  again  did  it  lift 
sufficiently  to  enable  us  to  discern  the  lakes  in  the  floor  of  the  depression.  Heavy 
rain  followed  soon  after,  and  we  had  to  beat  a  hurried  retreat.  From  the  windward 
side  we  twice  essayed  the  ascent,  and  were  both  times  baffied  ly  the  mist.  Once  we 
persevered  and  reached  the  edge  of  the  cliff,  ljut  it  was  impossilfie  to  see  for  more 
than  30  yards  in  any  direction,  and  the  interior  of  tlie  crater  was  a  sea  of  vapour. 
For  10  days  we  waited  in  Georgetown,  making  daily  excursions,  but  ready  to  start 
for  the  summit  at  any  time  when  the  conditions  might  seem  propitious ;  but  we  never 
had  a  clear  view  of  the  upper  part  of  tlie  liill,  and  we  were  informed  by  the  inhabi¬ 
tants  that  the  month  of  June  of  this  year  (1902)  had  been  more  than  usually  unfavour¬ 
able  for  our  purpose. 

Tlie  first  party  to  ascend  the  hill  was  led  by  Mr.  T.  M.  McDonald,  of  Chateaube- 
lair,  and  included  Professor  Jaggar,  Mr.  E.  O.  Hovey,  and  Mr.  Curtis.  They  had 
a  very  fine  day  (31st  May),  and  were  able  to  secure  photographs  of  the  north  wall  of 
the  crater.  Professor  Jaggar  was  so  good  as  to  give  us  full  descriptions  of  what  he 
Mr.  McDonald  also  conducted  our  first  ascent,  and  placed  all  his  information 
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at  our  disposal.  Lieutenant  Robinson,  R.E.,  who  was  accompanied  by  the  Rev.  Mr. 
Huckerby,  climbed  the  hill  on  the  3rd  June,  and  from  him  we  obtained  a  valuable 
report* * * §  as  to  the  state  of  matters  on  that  date.  On  the  5th  June,  Mr.  Riddick  made 
an  ascent.  We  followed  on  the  12th  June,  and  since  then  several  parties  have 
reached  the  edge  of  the  crater.  We  are  indebted  to  Mr.  Arthur  Darrell,  of 
Kingstown,  for  notes  made  on  the  appearance  of  the  old  and  new  craters  on  the 
27th  June;  and  in  the  ‘Sentry’  (of  Kingstown),  dated  15th  August,  a  few  notes 
are  published  on  the  condition  of  the  crater  on  the  12th  August  by  Messrs.  A.,  I., 
and  F.  Richards,  of  Kingstown.  These  ascents  were  all  from  Wallihu  on  the  leeward 
side. 

On  the  windward  side  ascents  have  been  made  by  Mr.  Antoine  ;  Mr.  Beach, 
Professor  Jaggar,!  Mr.  Hovey,  Mr.  Curtis,  Mr.  Taylor,  and  Mr.  Wilson,  of 
Kingstown  ;  by  Mr.  Hoyey  and  Mr.  Curtis  ;  and  by  us. 

The  great  convulsions  of  the  spring  of  this  year  have  elfected  little  altera¬ 
tion  in  the  general  outline  of  the  two  craters.  Both  remain  somewhat  modified 
indeed,  but  the  changes  in  them,  according  to  the  opinion  of  those  who  knew 
them  before,  have  not  been  very  extensive.  Exact  measurements  could  not  be 
made  under  the  circumstances  ;  it  is  doubtful  whether  a  careful  survey  was  ever 
executed.  Mr.  Powell,  Mr.  T.  M.  McDonald,  and  Mr.  Darrell  consider  that  the 
shape  of  the  main  crater  is  more  elliptical — it  is  broader  from  east  to  west  than  it  was 
before,  and  that  on  the  whole  it  is  larger.  This  agrees  with  the  statement  of  inhabit¬ 
ants  of  Chateaubelair  that,  as  seen  from  that  place,  the  lip  of  the-  crater  is  slightly 
lower  and  somewhat  different  in  profile,  even  if  we  allow  for  the  effect  of  the 
disappearance  of  the  vegetation  which  covered  it.  The  small  crater  has  not  dis¬ 
appeared,  neither  is  it  much  enlarged.  Apparently  it  took  no  part  in  tliis  eruption  ; 
its  walls  are  now  bare,  and  it  is  reported — we  believe  by  Mr.  Hovey:|: — that  it 
contained  a  slight  deposit  of  black  ash  in  its  bottom.  The  saddle  between  it  and  the 
large  crater  still  stands,  though  not  quite  so  high  as  before,  and  several  observers 
have  seen  landslides  taking  place  on  it,  the  material  tumbling  down  into  the  large 
crater. 

When  the  first  party  ascended  the  mountain,  they  found  a  little  water  in  the 
bottom  of  the  main  crater.  It  was  boiling  vigorously  and  giving  out  clouds  of  steam, 
especially  at  the  south-east  corner,  close  to  the  walls.  §  Lieutenant  Robinson,  R.E., 
on  the  6th  June,  reports  as  follows  ; — 

*  Published  among  the  j^a-pers  in  the  Blue  Book  “On  the  Volcanic  Eruptions  in  St.  Vincent  and 
Martinique  in  May,  1902,”  p.  89. 

t  T.  A.  Jaggar,  “Field  Notes  of  a  Geologist  on  Martinique  and  St.  Vincent,”  ‘Popular  Science 
Monthly,’  August  1902,  p.  366. 

I  E.  0.  Hovey,  “Martinique  and  St.  Vincent:  a  Preliminary  Report  upon  the  Eruptions  of  1902,” 
‘  Bull.  Amer.  Museum  Nat.  Hist.,’  vol.  16,  p.  338. 

§  E.  O.  Hovey,  loc.  cit.,  plate  37,  figs.  1  and  2. 
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The  crater  was  completely  filled  with  a  cloud  of  smoke  or  steam.  After  some  minutes  this  cleared 
away,  and  the  bottom  and  sides  of  the  crater  were  distinctly  visible.  The  clearing  and  filling  of  the  crater 
with  steam  was  repeated  at  intervals  of  about  ten  minutes.  The  bottom  of  the  crater  contained  three 
small  lakes,  two  of  which  were  of  very  yellow  looking  mud,  with  a  low  wall  of  mud  and  boulders 
separating  them.  They  were  quite  quiescent.  To  the  right  was  a  very  large  mound  of  earth  and  stones, 
which  divided  them  from  the  third.  This  third  pool  was  the  cause  of  the  steam  alluded  to  above,  for  by 
walking  some  distance  to  the  west  along  the  edge  of  the  crater,  it  was  seen  to  be  bubbling  up  with 
excessive  fury,  and  throwing  up  liquid  mud  amidst  the  steam.  I  estimated  these  pools  to  be  1800  feet 
below  the  lip  of  the  crater.” 

When  we  saw  it,  matters  were  in  very  much  the  same  condition  as  on  the  6th  June. 
Three  irregular  lakes  of  greenish,  turbid  opalescent  water  occupied  the  floor  of  the 
crater.  The  two  on  the  west  side  were  not  boiling ;  only  a  narrow  isthmus  separated 
them.  In  the  south-east  corner  was  another  lake,  the  whole  of  which  could  not  be 
seen  from  where  we  stood.  It  was  boiling  vigorously  with  a  hissing  noise,  and 
throwing  up  jets  of  mud  and  steam.  The  steam  rose  in  curling  wreaths  along  the 
high  south-eastern  wall.  Water  was  flowing  gently  from  one  of  the  other  lakes  into 
this  one.  Tlie  floor  of  the  crater  was  bare  and  stony,  and  on  its  northern  side  lay  a 
huge  pile  of  broken  lock,  which  had  evidently  fallen  from  the  vertical  cliff  behind  it 
This  mound  separated  the  lake  which  was  boiling  from  the  other  two. 

Of  the  dimensions  and  depth  of  the  crater  it  was  very  difficult  to  form  an  opinion ; 
the  mists  trailing  over  the  hill  prevented  us  from  obtaining  a  clear  view,  and  we  had 
only  a  brief  glimpse  of  the  base  of  the  opposite  wall.  Its  summit  we  did  not  see. 
Formerly  the  southern  lip  was  about  1100  feet  above  the  surface  of  the  lake,  and  it 
is  now  generally  agreed  that  the  cavity  is  deeper  than  before  by  several  hundred 
feet.  Some  good  judges  consider  it  to  be  2000  feet,  others  will  not  admit  that  it  is 
more  than  1400.  Probably  from  1600  to  1800  feet  would  be  a  fair  average  of  the 
estimates  formed.  The  cliff,  which  on  the  north  side  overlooks  the  lakes  of  water, 
must  be  over  2000  feet  high.* 

The  south-western  wall,  on  which  we  stood,  sloped  downwards  at  its  upper  part 
for  23erhaps  half  its  whole  height.  The  angle  of  declivity  varied  from  40°  to  44°,  and 
a  layer  of  wet  black  ash,  deeply  furrowed  with  grooves  eroded  by  tlie  rains,  covered 
the  surface.  The  lower  part  of  this  wall  was  steeper,  probal^ly  vertical ;  we  could 
not  see  it  from  where  we  were.  We  tried  to  work  round  the  lip  of  the  crater  to  the 
windward  side,  but  in  the  thick  wet  mud,  in  which  we  sank  to  the  knees,  walking 
was  very  difficult,  and  as  a  storm  of  wind  and  rain  sprung  up,  we  had  to  give  up  the 
attempt. 

Professor  Jaggar’s  photographs  show  that  the  north-eastern  wall  is  vertical,  a 
precipice  of  bare  rock.  From  it  great  landslides  and  falls  of  rock  frequently  tumble 
on  the  floor  of  the  crater  with  a  loud  noise. t  They  have  been  seen  by  more  than  one 

*  Further  modifications  have  since  taken  place,  owing  to  the  eruptions  of  September  and  October, 
1902. 

t  E.  0.  Hovev,  “  Martinique  and  St.  Vincent :  a  Preliminary  Report  upon  the  Eruptions  of  May 
1902,”  ‘Bull.  Amer.  Museum  Nat.  Hist.,’  vol.  16,  p.  337,  1902. 
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observer.  When  we  ascended  from  the  windward  side  we  reached  the  edge  of  this 
precipice.  Onr  guide  had  l^een  there  with  Mr.  Hovey,  and  he  told  us  that  since  his 
previous  visit  the  outline  of  the  cliff  had  consideraldy  altered.  We  saw  great  cracks 
some  yards  hack  from  the  edge,  running  parallel  to  it,  and  before  we  descended  a 
large  slice  of  the  face  broke  away  and  slid  down  into  the  abyss.  When  he  ascended 
with  us,  Mr.  McDonald  remarked  that  since  his  previous  visit  much  rock  had  fallen, 
and  lay  at  the  foot  of  this  great  cliff. 

Lieutenant  Robinson  found  that  the  southern  lip  of  the  crater  was  2450  feet 
above  sea  level.*  We  made  it  at  three  different  places  2690,  2630,  2700.  These 
measurements  are  by  aneroid,  and  are  sufficient  to  show  that  on  this  side  the  lip 
is  lower  than  before  liy  at  least  300  feet.  At  the  spot  wliere  we  reached  the 
edge  of  the  crater  fiom  the  windward  side,  our  aneroid  recorded  a  height  of 
3050  feet,  where  formerly  the  altitude  must  liave  been  not  less  than  3400  feet. 
There  can  lie  no  douljt  that  a  consideralde  mass  of  the  crater  walls  has  been 
blown  into  the  air  l)y  the  great  explosions  of  the  7th  May,  and  that  the 
crater  is  somewhat  larger,  and  its  rim  distinctly  lower  in  consequence. 

The  amount  of  water  in  the  crater  continually  increased  during  the  months  of 
June,  July,  and  August,  1902.  Wlien  first  visited,  it  contained  only  one  small 
lake.  A  few  days  later  Lieutenant  Robinson  found  that  there  were  three — as 
was  also  the  case  when  we  were  there. 

Mr.  Arthur  L.  Darrell,  along  with  a  party  from  Kingstown  and  Chateaubelair, 
ascended  the  mountain  on  the  27th  June.  He  has  sent  ns  a  description  of  the 
crater,  from  which  we  extract  the  following  : — 

“  We  remained  on  the  summit  about  three-quarters  of  an  hour,  carefully  ins2)ecting  the  localities. 
I  knew  both  of  the  craters,  the  old  and  the  new — as  they  are  jDojmlarly  called — that  were  such 
objects  of  interest  to  tourists  before  the  erujjtion,  having  visited  them  as  late  as  last  Easter  Monday, 
March  30. 

“  I  noticed  that  the  old  crater  was  changed  in  shajie.  Before  the  eruption  it  was  nearly  circular,  to-day 
it  is  an  irregular  oval,  the  extension  being  towards  the  Morne  Eonde  side  on  the  north-west,  and  on  the 
south-east  where  the  Rest  House  formely  stood.  The  hill  on  which  the  Rest  House  formerly  stood  has  been 
blown  away.  The  northern  and  eastern  sides  of  the  crater  are  more  precipitous  than  they  were.  The  south¬ 
eastern  side  is  not  so  steep,  but  shelves  from  the  top  to  the  bottom.  In  some  jdaces  the  sides  are  very 
rugged,  being  covered  with  large  angular  rocks,  and  in  other  places  with  smoother  and  finer  material. 
The  southern  edge  of  the  crater  is  lower  than  it  was  l^efore  the  eruption.  As  I  stood  on  the 
south-west  edge  of  the  cone,  and  looked  across  to  the  north-east,  I  noticed  that  the  ‘  saddle  ’  or 
division  ridge  between  the  two  craters  seemed  lower  than  it  was  formerly,  for  I  could  see  over  it 
to  the  furthermost  side  of  what  was  known  as  the  ‘  New  Crater,’  which  appeared  to  be  more  precipitous 
than  formerly,  and  which  presented  a  dark  brick  red  appearance.  Before  the  eruption,  no  one  standing 
where  I  stood,  on  the  edge  of  the  old  crater— now  lower  than  before — could  see  the  new  crater  beyond  the 
‘  saddle.’  I  therefore  infer  that  the  crest  of  the  ‘  saddle  ’  is  considerably  lower  than  it  was ;  otherwise 
I  could  not  have  seen  the  red-faced  further  side  of  the  ‘  New  Crater.’ 

*  Report  by  Lieutenant  Alick  C.  Robinson,  R.E.,  Blue  Book,  ‘  Correspondence  relating  to  the  Yolcanic 
Eriqitioiis  in  St.  Vincent  and  Martinique  in  May,  1902,’  p.  90. 
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“At  the  bottom  of  the  old  crater,  I  saw  three  lakelets.  The  bottom  of  the  crater  consists  of  broken 
rock  and  sand.  The  depth  from  the  edge  of  the  cone  to  the  surfaces  of  the  lakelets  does  not  seem 
to  be  much  greater  than  was  the  depth  from  the  edge  of  the  old  crater  before  the  eruption  to  the 
surface  of  the  old  lake.  The  water  in  the  three  lakelets  is  not  of  the  same  colour.  The  northernmost 
one  is  of  a  dark  olive-green  colour,  that  of  the  central  one  is  of  a  light  sea-green  colour,  and  that 
of  the  most  southerly  one  is  black  and  muddjn  This  lakelet  is  constantly  bubbling  and  boiling, 
emitting  steam  with  a  hissing  noise,  the  vapour  rising,  at  the  time  of  my  visit,  considerably 
above  the  crater’s  mouth.  The  side  of  the  crater,  at  the  base  of  which  this  black  boiling  lake  lies, 
is  very  steep.  This  bubbling  pool  cannot  be  seen  by  looking  over  the  side  of  the  crater,  at  the  Ijase 
of  which  it  lies.  I  had  to  walk  at  least  a  hundred  yards  to  the  western  edge  before  I  could  get  a  clear 
view  of  it.  Large  stones  were  seen  and  heard  falling  into  the  boiling  lake,  which  is  separated  from 
the  middle  lakelet  by  material,  from  which  an  apparently  ashen-coloured  smoke  seemed  to  ascend. 
In  addition  to  these  three  lakelets  there  is  a  small  pool  of  yellowish  mud  resting  on  the  top  of  a 
mound  that  lies  close  to  the  base  of  the  eastern  side  of  the  crater. 

“  I  was  anxious  to  complete  my  inspection  of  the  mountain  l)y  visiting  the  New  Crater  so-called,  but 
I  was  unable  to  do  so  owing  to  the  great  difficulty  of  passing  to  the  other  side  of  the  crater — the  guide 
))eing  unacquainted  with  that  part  of  the  mountain.” 

It  would  seem  that  during  the  three  weeks  which  had  elapsed  since  we  were 
there,  no  considerable  change  had  taken  place  in  the  appearance  of  the  crater 
and  of  its  lakes  of  water. 

The  latest  account  which  we  have  received  is  one  which  is  given  in  ‘  The  Sentry,’ 
on  15th  August,  1902,  in  the  form  of  an  interview  with  Messrs.  Adolphus  EiCHAtiDS, 
Ivan  Richards,  and  Fraser  Richards,  of  Kingstown.  From  this  it  would  appear 
that  there  was  then  only  one  lake,  which  was  about  one-third  the  extent  of 
that  which  occupied  the  crater  before  the  eruptions.  They  state  that  steam  and 
pebbles  were  being  intermittently  thrown  up  with  a  hissing  noise  from  a  small 
opening  on  the  lij^  of  the  crater.  This  looks  as  if  the  activity  were  increasing. 
Two  weeks  later  another  eruption  broke  out. 


The  Evidence  for  the  Hot  Blast  and  the  Avalanche  of  Dust. 

The  statements  of  the  survivors  in  the  Carib  Country  and  of  those  observers  who 
were  in  Chateaubelair,  place  beyond  doubt  the  existence  of  a  great  black  cloud  which 
swept  from  the  crater  down  the  flanks  of  the  mountain  on  the  fatal  afternoon  of  the 
7th  May.  It  remains  for  us  to  discuss  the  bearings  of  our  observations  on  the  deposits 
of  ash  and  other  associated  phenomena  in  the  devastated  country  on  the  peculiar 
features  which  are  exhibited  by  eruditions  of  this  remarkable  type.  These  establish, 
we  believe,  the  presence  also  of  an  avalanche  of  dust,  sand  and  stones,  and  of  a  hot 
blast,  and  that  they  are  intimately  connected  with  one  another  and  with  the  great 
black  cloud. 

The  Avalanche  of  Dust,  Sand,  and  Stones. 

The  distribution  of  the  materials  emitted  during  this  eruption  on  the  Soufriere  and 
in  the  valley  at  its  base,  cannot  fail  to  be  regarded  as  very  remarkable,  and  cannot  be 
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accounted  for  on  the  theory  that  the  ash  was  simply  rained  down  from  above  and 
gathered  where  it  fell.  A  rain  of  ashes  certainly  took  j)lace.  It  lasted  for  hours  on 
Wednesday  afternoon  and  night.  Hot  stones  falling  from  the  sky  struck  many  people 
in  the  Carib  Country  who  were  running  from  one  house  to  another  in  the  gloom, 
seeking  for  their  friends,  and  the  noise  of  the  ash  clattering  on  the  roofs  was  at  times 
almost  deafening.  In  this  way  a  sheet  of  deposit  must  have  been  laid  down  all 
round  the  volcano,  which  thinned  out  gradually  as  it  was  traced  further  and  further 
from  the  crater.  Over  Chateauhelair  and  Georgetown  the  black  cloud  did  not  pass, 
and  the  thickness  of  the  ash  is  a  measure  of  the  violence  of  the  shower.  Since 
18  inches  accumulated  in  Georgetown,  it  does  not  seem  unlikely  that  the  3  feet  or 
more  of  deposit  in  the  Carib  Country,  and  the  5  feet  on  the  Mahoe,  above  Lot  14,  should 
he  due  almost  entirely  to  the  hailstorm  of  sand  and  scoria  which  lasted  through  the 
night.  Over  the  Carib  Country  the  great  black  cloud  rolled,  hut  we  cannot  believe 
that  it  piled  up  any  considerable  sheet  of  ashes,  though  we  know  it  Avas  laden  Avith 
dust,  as  some  of  the  surviAmrs  state  that  on  the  floor  of  the  huts  a  thickness  of  1  or 
2  inches  gathered  during  the  passage  of  the  AvaA-e  of  heat  which  killed  so  many 
people.  Similarly,  Ave  may  alloAv  that  the  ash  Avhich  lay  on  the  ridges  and  slopes  of 
the  spurs,  on  the  mountain  and  on  the  edge  of  the  crater,  Avhich  had  originally  A'aried 
in  depth  from  a  few  feet  up  to  10  or  12  feet,  might  haA’e  been  entirely  deposited  during 
the  rain  of  ashes.  But  this  Avill  not  account  for  the  extraordinary  manner  m  which 
tlie  ravines  Avere  choked  Avith  hot  sand.  The  A^ery  high  temperature  of  these  masses 
shoAvs  that  they  did  not  gradually  accumulate,  hut  must  haA^e  been  practically 
instantaneously  piled  up  in  the  Amlleys.  So  fine  is  the  dust  that  it  would  haA^e  fallen 
very  sloAAdy  had  it  been  projected  A^ertically  upAvards  from  the  crater,  and  should  in 
that  case  have  been  nearly  cold  before  it  reached  the  surface  of  the  ground.  It  would 
probably  also  have  shoAAm  traces  of  stratification,  as  after  each  outburst  the  coarse 
stones  AA'ould  first  fall  and  the  finer  material  Avould  settle  sloAvly  afterAvards.  But  on 
the  banks  of  the  Wallibu  and  Babaka  Dry  BiA^er  it  was  rare  to  see  sections  of  the  new 
ash  Avhich  exhibited  any  pronounced  stratification.  The  whole  mass — sand,  stones, 
scoria,  and  burnt  timber — seemed  to  haA^e  reached  its  present  position  practically 
simultaneously. 

The  distribution  of  the  heaped-up  ash  is  also  significant.  It  is  principally  on  the 
south  side  of  the  mountain,  as  if  it  had  risen  in  the  crater  and  welled  OA^er  the  loATer 
southern  lip.  It  is  fmnd  in  the  Rozeau  and  Larikai  Valleys  on  the  east  side,  though 
not  in  Amry  great  quantity.  On  the  west  side  it  lies  only  in  the  Rabaka  Valley,  there 
being  hardly  any  in  the  gorges  aboA^e  Orange  Hill,  Overland  Village,  and  Sandy  Bay. 
Very  little  Avas  able  to  surmount  the  great  Somma  rampart  and  reach  the  A^alleys 
aboA^e  Fancy  and  Grand  Baleine. 

MoreoAmr,  it  did  not  gather  on  the  slopes  and  ridges  of  the  spurs  that  descend  to 
the  Wallibu  and  Rabaka  Dry  RiA’er.  Nor  did  it  rest  in  the  upper  part  of  the  raAune 
betAveen  the  spurs.  It  is  only  Avhen  it  reached  the  flatter  ground  beloAv  that  its 
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velocity  was  checked  and  it  conld  accumulate.  Nine-tenths  of  the  mass  seemed  to 
have  been  launched  into  the  upper  jDart  of  the  two  valleys  above-mentioned,  and 
there  it  was  met  by  the  opposing  face  of  the  Morne  Gam.  It  could  not  ascend  the 
slopes,  but  was  split  into  two  currents,  one  following  the  Wallibu  and  Wallihu  Dry 
Rivers,  the  other  the  Rabaka  Dry  River.  Into  these  it  poured,  and  on  the  leeward 
side  it  coursed  along  till  it  reached  the  shore,  for  sections  of  the  round-backed  mounds 
it  formed  are  to  he  seen  in  the  sea  cliffs  (see  Plate  24,  fig.  I).  In  the  Rabaka  Dry 
River  the  great  tide  of  sand  came  down  The  main  valley,  rapidly  slowing  down,  and  it 
had  come  to  rest  l^efore  it  had  reached  the  lowest  part  of  the  channel,  which  begins 
about  a  mile  above  the  sea.  This  contained  none  of  the  thick  banks  of  hot  sand  which 
obstructed  the  stream  above  that  point.  The  deluge  of  dust  and  stones  had  poured 
down  the  main  valley  like  a  flood,  and,  gathering  there,  had  obstructed  the  mouths  of 
all  the  lateral  gorges.  It  clearly  did  not  drain  off  the  whole  surface  and  down  all  the 
stream  channels  like  a  fall  of  rain,  but  in  one  well-defined  torrent  it  coursed  along  the 
ravine  of  the  Rabaka  Dry  River.  The  trees  growing  on  the  slopes  of  the  mountain 
and  in  the  wooded  gorges  were  overwhelmed,  caught  up,  charred,  reduced  to  shapeless 
fragments,  and  swept  along  by  the  avalanche.  How  much  erosion  had  been  effected 
by  the  moving  mass  we  could  not  tell.  There  was  no  very  striking  evidence  of  its 
action,  and  in  the  upper  parts  of  the  mountain  it  seems  likely  that  no  great  changes 
had  been  produced.  But  the  surface  was  plastered  with  mud  where  it  was  not 
washed  and  scoured  by  the  tropical  rains,  and,  as  we  had  no  knowledge  of  its  configu¬ 
ration  before  the  eruption,  it  was  not  easy  to  form  an  opinion  as  to  the  effects  of  the 
avalanche.  Further  down  tlie  sheets  of  sand  covered  over  and  obliterated  all  traces 
of  the  havoc  they  had  wrought  as  tliey  swept  down  the  valleys. 

The  geological  evidence  was  not  sufficient  to  demonstrate  what  form  the  discharge 
took,  what  was  its  path,  and  how  great  was  its  velocity  when  it  left  the  crater;  but 
by  the  time  it  reached  the  valleys  below  it  was  a  rushing  torrent  of  sand,  stones,  and 
hot  gases,  which  coursed  along  the  valley  bottoms,  adapting  itself  readily  to  all 
changes  in  their  configuration,  too  heavy  to  surmount  any  great  height,  but  sweeping 
over  the  surface  of  the  minor  ridges,  and  coming  gradually  to  rest  in  the  deep  ravines 
behind  them.  In  the  valleys  of  the  Wallibu  and  Rabaka  Dry  River  it  filled  the 
whole  channel,  and  when  its  energy  was  spent  it  lay  in  banks,  with  irregular  rounded 
upper  surfaces,  like  glaciers  of  black  sand.'”  In  the  more  shallow  and  open  valley  of 
the  Wallibu  Dry  River  it  had  not  been  confined  to  a  narrow  and  steep-sided  channel, 
but  had  been  free  to  spread  out  laterally,  and  there  it  took  the  form  of  a  broad  sheet 
of  sand  with  round-backed  ridges,  like  wreaths  of  snow,  pointing  down  the  valley  and 
diverging  with  a  slightly  fan-shaped  arrangement. 


*  The  likeness  to  a  glacier  is  remarked  also  by  Mr.  E.  0.  Hovey,  “  St.  Vincent  and  Martinique :  a 
Preliminary  Report  upon  the  Eruptions  of  1902,”  ‘Bull.  Amer.  Museum  Xat.  Hist.,’  vol.  16,  p.  343, 
and  Plate  39,  fig.  1. 
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The  Hot  Blast. 

Few  in  St.  Vincent  saw  the  avalanche  and  none  survived,  but  many  were  struck 
hy  the  hot  Idast,  and  of  these  a  certain  number  have  lived  to  tell  the  tale.  Its 
force  was  nearly  spent  before  it  reached  the  low  grounds  of  the  Carib  Country,  where 
stood  the  most  populous  estates,  but  there  and  in  Fancy  the  men  who  were  holding 
the  doors  or  windows  felt  the  shock,  and  in  one  or  two  cases  were  knocked  down  by 
the  impulse  of  the  blast.  The  houses  are  built  so  as  to  ft’eely  admit  the  air.  and  the 
lal)ourers'  huts  cannot  he  effectively  sliut  up.  Several  of  the  sur^dvors  in  Overland 
Villa  u'e  and  Orano-e  Hill  told  us  that  the  sudden  rush  of  the  hot  o-ases  was  like 

^  o  o 

a  powerful  puff  of  wind.  It  is  only,  however,  further  up  the  mountain  that  it  was 
sufficientlv  vigorous  to  leave  behind  unmistakable  effects.  At  Eichmond  and  at 
Raljaka  it  was  travelling  at  perhaps  30  miles  an  hour,  a  strong  breeze,  but  not 
sufficient  to  do  much  damage.  The  trees  were  broken  by  the  falling  stones,  and  the 
weight  of  ash  which  gathered  on  the  branches  and  the  withered  leaves  was  often 
sufficient  to  weio'h  them  down  to  the  o-round  or  tear  them  off  the  stems.  It  was  not 
the  violence  of  the  blast  which  injured  the  vegetation. 

The  varying  effects  of  the  blast,  the  rate  at  which  it  travelled,  and  the  changes  in 
its  velocity  as  it  swept  down  the  hill-sides,  are  best  studied  in  that  tract  of  flat  land 
above  Lot  14,  over  vLich  the  path  to  the  summit  passes  before  it  takes  to  the  knife- 
edges  of  the  spurs  (see  Plate  31,  ffg.  2).  There  the  configuration  of  the  surface 
is  comparatively  simple ;  elsewhere  the  irregularities  presented  by  the  ridges  and 
ravines,  and  their  influence  in  shielding  or  exposmg  the  standing  timber,  must  con- 
stantlv  be  kept  in  mind,  for  sometimes  in  a  valley  which  everywhere  else  was  swejDt 
hare  of  all  vegetation,  a  solitary  tree  would  be  left  standing  behind  some  ridge,  or  in 
a  little  lateral  gully,  where  it  had  been  sheltered  and  preserved.  But  the  changes 
were  essentially  of  the  same  character  on  all  parts  of  the  hill,  though  local  conditions 
had  had  an  influence  in  modifying  their  intensity. 

At  Lot  14  the  trees  were  still  standing,  hut  had  lost  many  of  their  branches,  and 
principally  those  which  were  on  the  side  towards  the  crater.  This  was  also  to  be  seen 
on  the  lower  slopes  on  the  leeward  side  and  on  the  ridge  behind  Wallibu  (see 
Plate  2G).  The  trees  Avere  erect  for  the  most  part,  but  all  branches  facing  the 
blast  had  been  stripped ;  a  feAV  of  those  pointing  toAA'ards  the  opposite  quarter  still 
remained.  The  smaller  and  weaker  trees  u^ere  often  bent  over  and  inclined  awaA’ 
from  the  crater.  A  glance  at  these  leafless  twisted  stems  was  sufficient  to  show  that 
over  them  a  blast  had  swept,  tearing  off  everything  that  directly  obstructed  its  path 
(see  Plate  27,  fig.  2). 

Further  up  the  hill,  on  both  sides,  the  effects  were  still  more  noticeable.  Many  of 
the  trees  were  overturned ;  others  still  stood,  mere  trunks  without  leaves  or  branches. 
All  that  had  fallen  lay  parallel,  and  pointed  down  the  valleys  and  the  slopes.  The 
smaller  branches  had  disappeared,  broken  off  and  SAvept  aAvay,  or  burnt  up  by  the 
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heat  of  the  gases.  At  the  upper  limit  of  this  Hat  ground,  aljove  Lot  14,  few  trees 
were  still  standing ;  practically  all  were  broken  off  at  the  base,  their  prostrate  stems 
pointed  down  the  slopes,  their  leaves  and  smaller  branches  had  disappeared.  Only  the 
stoutest  remained  erect,  mere  columnar  broken  trunks  without  a  branch.  Here 
the  destruction  was  quite  as  great  as  that  of  the  most  powerful  tornado,  the  forest 
had  been  mown  down  as  if  by  a  mighty  sickle  (see  Plate  35).  The  sides  of 
the  branches  and  trunks  towards  the  crater  were  charred  and  eroded  by  the  hot  sand 
carried  by  the  blast.  The  timber  was  green  and  had  not  been  set  on  lire,  but  the 
hark  and  wood  had  been  caiiied  away  on  the  weather  side  to  depths  of  j;  or  an  inch 
or  more,  while  on  the  lee  side  the  parched  dry  haiL  still  adhered  and  flaked  away 
readily  when  touched  with  the  finger  nail. 

At  a  higher  level  still,  about  1  500  feet,  as  a  I'ule,  everything  was  overturned,  cut 
down  or  uprooted,  only  the  trunks — blackened  and  half  destroyed  by  tlie  consuming 
blast,  lay  scattered  on  the  slopes  ;  a  single  tree  here  and  there  had  miraculously 
escaped.  Even  the  large  “cotton  trees,”  8  to  10  feet  in  diameter,  had  been  over¬ 
whelmed;  nothing  could  resist  the  violence  of  the  blast  (see  Plate  34,  fig.  2). 

Nearer  the  summit  all  that  was  left  of  the  rich  forest  tliat  had  clothed  the  hill 
with  green,  was  the  scattered,  shapless  fragments  of  burnt  wood  buried  in  the  stinking 
black  mud  wliicli  covered  all  the  higher  slopes.  The  destruction  was  so  complete 
that  it  could  not  be  said  Avhetiier  it  vns  to  be  ascribed  to  the  heat  of  that  tide  of 
incandescent  asli  and  superheated  gases,  or  to  the  velocity  with  which  it  swept  along 
the  ground.  Tlie  mud  lay  thick  on  these  parts  of  the  hill,  and  it  was  not  often  that 
the  old  surface  could  Ije  seen  in  the  bottom  of  the  rain  p'ullies.  The  buried  wood 
appeared  to  have  been  in  every  case  uprooted,  but  we  could  not  he  certain  whether 
the  shapeless  fragments  we  saw  were  the  bases  of  the  stems  with  the  roots,  or  pieces 
of  the  ti'unks  broken  ofl'.  (3ne  thing  was  clear, — that  blast  of  sand-laden  gases 
must  liave  been  at  least  bright  red-hot  when  it  welled  over  the  lip  of  the  crater,  so 
completely  had  everything  combustible  been  reduced  to  charcoal,  when  it  had  escaped 
entire  destruction.  And  it  is  also  certain  that  the  passage  of  so  enormous  a  volume 
of  sand  and  stones  over  the  surface  must  have  wiped  out  all  vegetation,  cut  down 
everything  standing,  and  swept  up  all  that  could  be  caiiied  away  in  its  own 
moving  mass. 

One  of  the  most  interesting  features  of  the  hot  Iflast  was  the  rapidity  with  which 
its  velocity  diminished  as  it  swept  Ifom  the  higher  slopes  down  upon  the  plain.  At 
Lot  14  no  buildings  were  damaged  by  its  force,  and  the  trees  liad  not  suffered  more 
than  if  they  had  been  exposed  to  an  ordinary  gale,  if  we  allow  for  the  high  tempera¬ 
ture  of  the  blast  and  the  dust  it  caiiied  with  it.  At  a  point  a  mile  and  a  half  furthe]’ 
up  the  hill,  the  destruction  was  more  complete  than  that  effected  by  a  hurricane  or 
tornado,  and  in  so  short  a  distance  the  velocity  must  have  changed  from  perhaps 
100  miles  an  hour  to  30  or  40  miles  an  hour.  There  are  many  reasons  why  this 
should  have  been  the  case.  One  of  the  most  obvious  is  the  change  of  gradient, 
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anotliei'  is  the  great  weight  of  sand  and  dust  which  was  kept  in  susjDension  l)y  the 
gases,  still  another  the  cooling  by  expansion  of  the  steam  and  by  contact  with  the  cold 
surface  of  the  ground,  but  these  will  be  discussed  more  fully  when  we  have  considered 
also  the  evidence  afforded  by  the  eruptions  of  Pelee. 

The  area  over  which  the  hot  blast  spread  was  enormously  greater  than  that 
traversed  by  the  avalanche.  The  latter  poured  down  the  south  side  of  the  hill,  and 
along  the  streams  that  drain  these  slopes,  hut  the  blast  covered  the  whole  hillside 
and  ascended  the  shoulders  of  Morne  Garu.  The  trees  were  broken  down  on  all  the 
higher  parts  of  the  mountain,  tliougii  least  on  the  northern  side  and  above  Fancy 
and  Owia.  From  Point  Espagnol  to  Langley  Pai'k  the  whole  upper  part  of  the  Carih 
Country,  and  the  ridges  and  spurs  higher  up,  were  ruined  by  the  blast,  the  timber 
for  the  most  part  fallen,  and  the  prostrate  trunks  pointin  gout  ward  from  the  crater 
and  down  the  deep  radial  valleys.  This  is  true  also  of  the  leeward  side  from  Windsor 
Forest  to  Richmond  Estate. 

In  short,  the  effects  of  the  hot  blast  were  shown  by  all  the  area  over  which  the 
great  black  cloud  had  swept  in  the  first  part  of  its  course,  and  the  correspondence 
between  the  region  of  broken  foi-est  and  the  country  covered  by  the  black  cloud 
before  it  reached  the  lower  irroimds  is  too  close  to  be  accidental.  When  the  dust  in 

o 

the  cloud  was  hot  and  when  the  velocity  of  the  gases  w'as  still  very  great,  the  forest 
had  been  cut  down  and  the  wood  charred,  eroded  and  destroyed.  When  the  hot 
sand  had  cooled  and  was  subsiding,  the  liot  blast  effects  diminished  and  filially  dis¬ 
appeared,  though  still  the  cloud  of  dust  and  asphyxiating  gases  crept  along  the 
ground,  and  where  it  passed  over  the  estates  on  the  windward  shore,  though  no  longer 
able  to  cut  down  or  overturn  the  trees  and  structures  in  its  path,  brought  injury  or 
death  to  their  living  occupants.  To  those  who  saw  it  from  outside  it  was  a  black 
cloud,  or  even  a  purplish  and  reddish  cloud,  hut  those  who  were  overtaken  by  it  felt 
it  a  hot  blast  laden  witii  sand  and  dust.  This  was  near  the  shore,  or  on  the  sea  ; 
()nly  there  did  anv  who  were  caim-ht  survive.  No  one  in  St.  Vincent  was  in  the  region 
of  its  fiercest  energy,  lint  in  the  city  of  St.  Pierre  a  similar  blast  wrought  desolation 
with  a  completeness  and  a  murderous  violence  which  are  now  a  matter  of  histoiy. 

But  the  blast  is  not  merely  a  phase  of  the  great  lilack  cloud,  it  has  also  a  very 
close  relationship  to  the  avalanche  of  sand.  In  it  the  gases  greatly  preponderated  : 
it  liad  a  mol)ility,  a  power  of  surmounting  ol)stacles,  a  tendency  to  spread  laterally 
which  the  avalanche  does  not  seem  to  have  possessed.  We  may  say  that  the  hot 
blast  coursed  over  the  ground  like  a  current  of  heavy  gas ;  the  avalanche  I'esembled  a 
viscous  heavy  fluid.  The  blast  which  swept  down  into  the  valleys  at  the  south  side 
of  the  Soufiiei'e  was  too  heavy  to  climb  vertically  the  steep  face  of  the  Morne  Garu. 
It  sjilit  into  two  parts,  one  of  whicli  ascended  obliquely  over  each  shoulder  of  the 
mountain,  mowing  down  the  forest  and  sti'ewing  the  trunks  of  the  trees  before  it  in 
such  a  way  as  to  mark  the  direction  of  its  path.  The  avalanche,  on  the  other  hand, 
when  it  reached  these  valleys  turned  almost  at  a  right  angle  to  its  previous  course  and 
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Ilowed  along  them,  cliiigiug  to  the  ravines,  ljut  did  not  ascend  the  opposing  slopes. 
Except  in  this  case  there  is  little  evidence  that  the  blast  had  any  power  of  climbing ; 
it  seems,  in  fact,  to  have  been  so  heavy,  so  weighted  down  with  dust  that  it  flowed 
along  the  depressions  of  the  hill  sides  almost  like  a  torrent  of  water.  This  is  shown 
by  the  evidence  of  those  who  saw  the  black  cloud  pouring  in  an  inky  mass  down 
the  gorges  on  the  leeward  side  of  the  hill.  The  Carib  Country  is  too  level  and  open 
to  modify  in  any  way  the  course  of  this  current,  but  at  Chateaubelair  there  are  several 
well-marked  ridges  between  the  village  and  Wallibu,  and  these  certainly  directed  and 
deflected  the  path  of  the  blast.  At  the  north  side  of  Richmond  Vale  Estate  there  is  a 
spur,  some  500  or  600  feet  high,  running  down  to  the  sea,  and  on  the  side  of  this  ridge 
next  the  crater  the  destruction  of  vegetation  has  been  very  great ;  on  the  south  side, 
a  week  or  two  after  the  eruption,  everything  was  as  green  as  before.  It  is  in  every 
way  probable  that  these  ridges  saved  the  village,  and  a  careful  examination  of  tlie 
difference  in  the  apjoearances  presented  by  the  country  to  the  north  and  to  the  south 
side  of  each  of  them  convinced  us  that  they  had  intercepted  the  violence  of  the  blast, 
and  protected  the  region  behind  them.  The  moving  mass  of  sand  and  gases  was  too 
heavy  to  rise  freely  in  the  air  when  it  passed  over  Richmond,  but  clung  to  the  surface 
of  the  ground,  and  lost  much  of  its  energy  and  dropped  most  of  its  solid  matter  before 
it  could  surmount  an  obstruction.  The  blast  was,  in  fact,  only  the  lighter  and  upper 
portion  of  the  avalanche  of  dust. 

The  rampart  of  the  Somma  wall,  which  faces  the  cratei'  on  its  northern  side, 
undoubtedly  protected  the  country  behind  it,  for  the  denser  portion  of  the  cloud  was 
too  much  loaded  with  dust  to  climb  this  ridge.  Its  main  force  poured  over  the  lower 
south  lip  of  the  crater  with  the  avalanche  of  sand.  On  the  north  side  the  deposits 
are  comparatively  thin,  and  it  seems  that  most  of  the  material  that  emerged  from  the 
crater  was  deflected  by  the  Somma  and  lodged  in  the  valley  of  the  Larikai.  A 
black  cloud  certainly  descended  on  Grand  Baleine,  1)ut  in  surmounting  the  interveinng 
summit  ridge  of  the  liill  it  had  lost  by  fai'  the  greater  part  of  its  burden  of  asli  and 
therewith  most  of  its  violence. 

The  Siihsidence  at  Wallihu  and  Moi'iie  Ronde. 

More  than  one-half  of  the  ash  which  gathered  on  the  slopes  of  the  Soufriere  has 
already  been  waslied  into  the  sea.  When  this  rainy  season  is  over  little  will  remain 
on  the  Ingher  ground,  and  the  underlying  soil  will  be  in  large  measure  als(j  removed. 
So  rapid  is  erosion  under  the  conditions  that  prevail  on  the  mountain,  that  when  the 
eruptions  cease  it  will  soon  be  diflicult  to  find  traces  of  the  new  asli  de])osits  on  the 
higher  grounds,  and  when  tropical  nature  again  spreads  a  thick  mantle  of  vegetation 
over  the  naked  surface,  it  will  cover  over  and  obliterate  most  of  the  effects  of  the 
eruptions  of  this  year.  The  thick  ash  deposits  in  the  valleys  will  long  remain,  but 
even  tliese  will  disappeai'  at  last  before  the  persistent,  restless  action  of  tlie  streams. 
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On  the  devastated  estates  a  new  soil  will  form,  and  agriculture  will  go  on  as  before. 
The  chano’es  in  the  crater  will  remain,  but  they  are  not  of  o-reat  mao-uitude,  and 
should  the  volcano  sink  into  repose,  a  new  lake  may  gather  not  unlike  the  old  one, 
and  the  rocky  rvalls  will  be  again  covered  with  green  forest. 

In  addition  to  the  widening  of  the  crater  and  the  obstruction  of  the  valleys,  the 
only  important  alteration  in  the  geography  of  St.  Vincent  which  has  been  occasioned 
by  this  eruirtion  is  the  disappearance  of  a  narrow  .strip  of  land  along  the  leeward 
coast.  It  extends  from  AYallibu  to  Morne  Ronde,  and  had  a  maximum  breadth  oi 
23erha})S  200  yaixls.  Between  these  two  points  there  formerly  stretched  a  low  flat  beach 
on  which  ran  the  public  road.  Two  villages  stood  on  this  beach,  one  at  Wallibu,  the 
other  at  Morne  Ronde,  and  both  have  totally  disappeared.  The  road  is  gone,  and  the 
bluff  wliich  .stood  behind  it  lias  now  receded  for  .several  yards,  and  presents  a  clean-cut 
section  to  the  sea.  At  first  the  water  washed  its  base,  but  the  soft  loose  ash  is 
constantly  tumbling  doAvn,  and  a  narrow  beach  had  formed  when  we  were  there.  It 
was  not  safe  to  explore  this  cliff  vei'y  closely,  for  the  hot  dry  ash  above  was  frequently 
slipping  every  here  and  there,  and  masses  of  many  tons  were  being  precipitated  on 
the  shore  (see  Plate  25,  fig.  1). 

Mr.  Robertsoxt,  of  Wallibu,  told  us  that  64  acres  of  that  estate  which  lay  between 
the  bluff  and  the  sea  have  vanished,  and  the  chimnev  of  the  works,  formerlv  about 
200  yards  from  the  shoi'e,  is  now  quite  near  the  edge  of  the  cliffs.  The  subsidence 
runs  all  aloiio-  the  coast  to  a  little  south  of  Morne  Ronde  Point,  a  distance  of  nearly  a 

O  V 

mile,  and  although  the  face  of  the  cliff  has  been  somewhat  modified  by  .slipping  and 
by  the  erosive  action  of  the  rivers  and  the  sea  before  we  arrived,  it  is  clear  that 
originally  it  was  a  nearly  straight  line. 

There  can  be  lu)  doubt  that  the  low  beach  below  tlie  bluff  was  mostly  a  talus  of 
material  fallen  from  the  cliffs  or  brought  down  by  the  rivers  and  spread  along  the 
shore.  The  .Submaiine  slopes  off  Wallibu  are  very  steep,  depths  of  120  fathoms  being 
found  in  less  than  half  a  mile  from  the  laud.  This  means  an  angle  of  16°,  and  as  at 
Morne  Ronde  and  along  this  shore  the  earthquakes  attendant  on  the  eruptions  were 
more  severe  than  anyAvhere  else  in  the  i.sland,  it  is  probable  that  this  loose  talus  slid 
down  into  deeper  water.  Then  the  cliff  behind  the  beach,  Ijeing  composed  of  soft, 
incoherent  ash,  would  crumble  away  and  break  down,  as  it  was  doing  when  we  were 
there.* 

At  the  mouths  of  several  of  the  streams  further  north  along  this  shore  there  were, 
before  the  eruption,  little  patches  of  flat  ground  on  wliich,  in  .some  cases,  stood  the 
houses  of  peasant  cultivators.  These  consisted  of  matter  Iirought  down  by  the 
torrents  which  flow  in  the  deep  ravines  on  this  side  of  the  mountain,  and  deposited  in 
the  .shape  of  alluvial  fans  wdieii  the  current  of  the  streams  was  checked  on  reaching 
the  sea. 

*  See  also  T.  A.  Jagoak,  ‘‘Field  Xotes  of  a,  Geologist  in  Martinique  and  St.  Vincent,”  ‘Popular 
Science  Monthly,’  a'oL  61,  p.  363,  August,  1902. 
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Mr.  T.  M.  McDonald,  who  knows  every  feature  of  this  coast  intimately,  pointed 
out  to  us  that  in  most  cases  they  had  disappeared  with  the  houses  which  were 
planted  on  them.  The  rocky  cliffs  behind  them  still  stand,  bearing  the  remains  of 
the  trees  which  previously  grew  there.  Only  the  wedged-shaped  deltas  have 
vanished.  There  is  no  trace  of  any  fracture  or  dislocation,  and  the  marks  cut  by  the 
tide  on  this  shore  show  that  there  has  been  no  change  of  level,  or,  at  any  rate,  none 
of  more  than  a  few  inches.  Everything  points  to  the  slipping  of  loose,  gravelly  and 
sandy  deposits  piled  on  the  steep  submarine  slope  which  characterises  this  coast. 

Tliere  is  no  difficulty  in  believing  that  a  similar  process  has  gone  on  at  Wallihu  and 
Morne  Ronde,  and  this  will  explain  most  of  the  facts  observed.  Mr.  Rober'ison,  of 
Wallihu,  left  for  Chateauhelair  on  Wednesday,  the  7th  May,  about  12.30  p.m.  As 
he_  went  down  from  his  liouse  to  the  boat  on  the  sea  shore  lie  noticed  that  the  flat 
beach  was  sinking,  “  dropping  down  like  stuff  from  a  cart,”  and  the  liluff  behind  was 
tumbling  down  on  the  flat  lielow.  The  impression  formed  on  his  mind  was  that  the 
soft,  incoherent  accumulations  were  settling  down  under  the  concussions  and  earth¬ 
quakes  produced  by  tlie  eruptions.  No  one  saw  this  part  of  the  shore  again  till 
several  days  had  elapsed,  aiid  then  it  ivas  in  essentially  the  same  condition  as  when 
we  visited  it,  except  that  there  was  no  lieach  heloiv  the  cliff. 

Allowance  must  also  be  made  for  the  effects  of  the  blast  which  rushed  out  from  the 
valleys  of  the  Wallihu  and  Walliliu  Dry  Rivers.  Tt  was  strong  enough  to  blow  down 
many  of  the  trees  on  the  ridge  above  Wallihu,  and  must  have  raised  the  sea  in 
powerful  waves.  Captain  Freeman,  of  tlie  “  Ptoddam,”  states  that  in  St.  Pierre 
liarbour  the  waves  occasioned  by  the  blast  were  tempestuous.'^'"  But  here  tlie  wind 
was  off  the  shore,  and  may  have  really  produced  very  little  effect. 

There  is,  however,  a  certain  amount  of  evidence  wliich  points  to  the  conclusion  tfuit 
the  inner  l)oundary  of  this  depressed  tract  may  he  a  fault  line.  It  certainly  has  a 
very  straight  trend,  and,  looking  at  it  on  the  map,  one  is  at  once  struck  with  this 
pecifliarity.  In  this  respect  it  differs  entirely  from  the  smaller  subsidences  at  tlie 
moutlis  of  the  streams  at  Larikai  and  Trots  Loups.  Anotlier  fact  of  great  interest 
is  the  rapidity  with  which  the  water  deepens  off’  the  new  shore.  Mr.  P.  Foster 
Huggins,!  of  Chateaulielair,  found  that  at  50  feet  from  the  heacli  the  depth  is 
7^  fathoms,  at  100  feet  18  fathoms,  a  suhmai'ine  slope  of  45°.  This  is  a  gradient 
much  higher  than  is  usual  along  tliis  side  of  the  island,  and  may  lie  due  to  the 
presence  of  a  fracture,  on  the  seaward  side  of  wliicli  there  has  been  depression. 

Formerly,  this  coast  was  known  as  Hot  Waters,  because  the  water  obtained  by 
digging  pits  in  the  sand  was  wnrni.  This  may  indicate  the  existence  of  a  fissure  up 
wffiich  hot  water  rose,  but  all  the  inhabitants  of  the  villages  on  the  beach  whom  we 

*  Captain  Freeman,  “  The  Awful  Doom  of  St.  Pierre.”  See  ‘  Pearson’s  Magazine,’  Sejitember,  1902, 
p.  316.  ■ 

t  “An  Account  of  the  Eruptions  of  the  St,  Vincent  Soufritre,”  p.  17.  By  P.  Foster  Huggins, 
St.  Vincent,  1902. 
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cross-questioned  said  tliere  were  no  hot  sjnings,  and  tliat  tlie  warm  water  was  merely 
surface  water. 

There  is  no  evidence  of  any  submarine  cliff,  and  had  there  been  any  at  first,  it 
must  now  have  been  masked  by  the  material  dislodged  by  landslides,  or  eroded  by  the 
sea  from  the  cliffs  and  the  vast  quantities  of  new  ash  which  have  been  deposited  all 
along  this  coast  by  the  rivers  which  flow  down  the  mr>imtaiu.  At  present,  we  can 
(inly  say  that  the  existence  (ff"  a  fault  along  the  shore  from  Wallihu  to  Morne  Ifonde 
remains  an  open  (piestion. 


FRF.VIOUS 


ERUPTIONS  OF  THE  SOUFRIEEE. 


The  Eruption  of  1718. 


The  earliest  liistoi'ical  account  of  an  ei'uption  in  St.  Vincent  is  that  which  appears 
in  the  ‘  Weekly  Journal, or  ‘  Saturday’s  Post  ’  (otherwise  known  as  ‘  Mist’s  Journal  ’), 
of  July  5,  1718.  It  occupies  the  principal  place  in  that  number,  and  was  considered 
so  important  that  tlie  usual  letters  from  corres})ondents  were  crowded  out  to  make 
room  for  it. 

It  heffins  as  follows  : — 

O 


“  tVe  have  a  piece  of  pul)lic  news  this  time  of  such  consequence,  and  so  necessary  for  all  our  readers 
to  l;>e  fully  acquainted  with  it,  that  our  friends  who  ha^m  written  several  letters  to  us,  which  otherwise 
deserve  publishing,  must  excuse  us  for  this  week. 

“  This  relates  to  the  entire  desolation  of  the  Island  of  St.  Vincent,  in  the  West  Indies,  by  the  imme¬ 
diate  hand  of  Nature,  directed  bj^  Providence,  and  in  a  manner  astonishing  to  all  the  world,  the  like  of 
which  never  happened  since  the  creation,  or,  at  least  not  since  the  destruction  of  the  earth  by  the  v'ater 
in  the  general  deluge. 

“Our  accounts  of  this  comes  from  so  many  hands,  and  several  places,  that  it  would  be  impossible  to 
bring  the  letters  all  separately  into  this  journal;  and  when  we  had  done  so,  or  attempted  to  do  so,  would 
have  the  story  confused,  and  the  world  not  perfectly  informed.  We  have  therefore  thought  it  better  to 
give  the  substance  of  this  amazing  accident  in  one  collection,  making  together  as  full  and  as  distinct 
account  of  the  whole,  as  we  believe  is  possible  to  come  at  Iry  any  intelligence  whatsoever ;  and  at  the 
close  of  this  account  we  shall  give  some  probable  guesses  at  the  natural  cause  of  so  terrible  an  operation. 
The  relation  is  as  follows,  viz. ; — 

“  An  account  of  the  island  of  St.  Vincent,  in  the  AVest  Indies,  and  of  its  entire  desti'uction  on  the 
26th  March  last,  with  some  rational  suggestions  concerning  the  causes  and  manner  of  it. 

“  The  island  of  St.  A^incent  is  the  most  populous  of  any  possessed  by  the  Carribeans,  its  altitude  is 
16  degrees  north  from  the  line.  Those  who  have  seen  the  island  Ferre  or  Fietre,  one  of  the  Canaries, 
affirm  that  this  is  much  of  the  same  figure.  It  maj^  be  about  8  leagues  in  length  and  6  in  breadth. 
There  are  in  it  several  high  mountains  and  very  fruitful  plains,  if  they  were  cultivated.  The  Carribeans 
have  many  fair  villages,  where  they  live  pleasantly,  and  without  any  disturbance ;  and  though  they  have 
a  jealouisy  of  the  strangers,  yet  do  they  not  deny  them  the  bread  of  the  countr}’,  which  is  cassava. 


*  Reprinted  in  ‘  Daniel  Defoe  ;  his  Life,  ami  recently  discovered  Miscellaneous  AA^ritings.’  AA  illiam 
Lek.  A^ol.  2,  p.  52.  1869. 
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water,  friiits,  and  all  other  iDrovisions  growing  in  their  country,  if  they  want  them,  taking  in  exchange 
wedges,  hooks,  and  other  implements  of  iron,  which  they  much  esteem. 

“  On  the  24th  March  a  French  sloop  arrived  at  Martinico,  that  passed  by  the  island  of  St.  Vincent  the 
22nd,  that,  as  the  master  reported,  he  bought  some  fish  of  some  of  the  savages  who  inhabited  there,  and 
who  came  off  to  him  in  their  canoes.  He  says  that  all  was  safe,  and  in  very  good  condition  there,  for 
anything  he  perceived,  only  that  some  of  his  seamen  report  that  since  the  disaster,  that  one  of  the  Indians 
told  them  that  they  had  been  terribly  frightened  with  earthquakes  for  some  time,  and  with  flashes  of  fire 
like  lightning,  which  did  not  come  out  of  the  clouds  as  usual,  but  out  of  the  earth,  and  that  they  had  felt 
these  earthquakes  for  a  month  past,  to  their  very  great  amazement. 

“  On  the  27th  in  the  morning  the  aii’  was  darkened  in  a  dreadful  mannei',  rvliich  darkness  Iry  all 
accounts  seems  to  have  extended  over  all  the  colonies  and  islands  which  were  within  100  miles  of  the 
place,  but  was  perceived  to  be  more  or  less  dark  as  those  islands  were  further  or  nearer  from  the  place. 

“  Bi;t  that  which  is  most  remarkable  of  all  is,  that  at  some  of  the  islands,  and  at  Martinico  in  particular, 
a  dreadful  flash  of  lightning,  as  they  called  it,  was  seen  on  the  26th  about  11  o’clock  at  night.  This  flash, 
which  they  called  lightning,  we  shall  account  for  in  the  following  part  of  the  relation. 

“  It  is  to  be  observed  in  the  next  place,  that  as  there  were  several  ships,  or  other  vessels  at  sea,  in  several 
ports  among  the  islands,  some  of  these  had  a  more  terrible  sight  of  this  thing  than  others ;  particidarly 
they  write  that  in  one  sloop  which  is  come  into  Martinico,  the  men  are  so  terrified  still,  and  were  so 
amazed  at  what  they  saw  and  heard,  that  they  appeared  perfectly  stupified,  and  gave  little  or  no  account. 
Others  are  come  into  other  ports  so  horribly  frightened,  that  they  scarce  retain  their  senses ;  others  give 
confused  accounts,  and  so  more  or  less  distinct  as  they  were  nearer  or  farther  from  the  place.  The  sum 
of  what  may  Ire  gathered  from  them  all  is  this  ; 

“  That  they  saw  in  the  night  that  terrible  flash  of  fire,  that  after  that  they  heard  innumerable  clashes 
of  thunder }  some  say  it  was  thunder  they  heard,  others  that  it  were  cannon  oidy,  that  the  noise  was  a 
thousand  times  as  loud  as  thunder  or  cannon,  considering  that  it  appeared  to  be  at  a  great  distance  from 
them. 

“  That  the  next  morning,  when  the  day  began  to  break,  the  air  looked  dismally,  viz.,  all  overhead  was 
a  deep  impenetrable  darkness,  but  below,  all  around  the  edge  of  the  horizon  it  looked  as  if  the  heavens 
were  all  on  fire.*  As  the  day  came  on  still  the  darkness  increased  till  it  was  far  darker  than  it  had  been 
in  any  part  of  the  night  before,  and  as  they  thought  the  cloud  descended  upon  them,  the  darkness  still 
increased  after  this,  viz.,  in  the  afternoon  they  were  surprised  with  the  falling  of  something  upon  them  as 
thick  as  smoke,  but  fine  as  dust,  and  yet  solid  as  sand  ;  this  fell  thicker  and  faster  as  they  were  nearer  or 
farther  off,  some  ships  had  it  9  inches,  others  a  foot  thick  upon  their  decks ;  the  island  of  hlartinico  is 
covered  with  it  at  about  1  to  9  inches  thick;  at  Barbados  it  is  frightful,  even  to  St.  Christophers  it 
exceeded  4  inches;  it  is  fallen  over  the  whole  extent  of  the  Island  of  Hispaiiiola,  and  there  is  no  doubt  but 
it  has  been  seen  on  the  continent  of  New  Spain,  about  the  point  of  Guiana,  and  the  mouth  of  the  River 
Orinoco,  all  of  which  will  perhaps  be  accounted  for  in  some  measure  in  the  following  narrative. 

“  This  continued  falling  for  two  or  three  days  and 'nights  successively,  and  it  was  impossible  for  any 
man  to  find  out  or  so  much  as  guess  at  the  meaning  of  it,  or  of  any  natural  cause  to  produce  it,  till  the 
whole  came  to  discover  itself,  but  all  people  stood  amazed  at  the  cause,  and  several  letters  were  sent  to 
England  of  it,  from  Barbados  in  particular,  as  of  a  strange,  miraculous  shower  of  sand,  of  which  we  gave 
an  account  in  our  Joiumal  of  the  20th  past.  The  first  news  that  was  given  of  the  whole  thing  was 
by  some  vessels  that  were  under  sail  on  the  night  of  the  26th,  belonging  to  Martinico,  by  which  we  had 
the  following  particulars  :  that  on  the  said  26th,  about  midnight,  the  whole  island  of  St.  Vincent  rose  up 
into  the  air  with  a  most  dreadful  eruption  of  fire  from  underneath  the  earth,  and  an  inconceivable  noise  in 


*  Compare  with  this  the  descriptions  of  the  appearance  of  the  sky  immediately  before  the  falTof 
dust  in  Barbados  on  the  7th  of  May,  1902,  as  given  on  p.  408  and  p.  409. 
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the  air  at  its  rising  up ;  that  it  \ras  not  only  blown  up,  but  blown  out  of  the  very  sea  with  a  dreadful 
force,  as  it  were  torn  up  by  the  roots,  or  blown  up  from  the  foundations  of  the  earth. 

“  That  the  terror  was  inexpressible,  and  cannot  be  represented  by  words ;  that  the  noise  of  the  biusting 
of  the  earth  at  first  is  not  possible  to  be  described,  that  the  force  of  the  blow  or  blast  is  such,  and  the 
whole  body  of  the  island  was  raised  so  furiously  that  the  earth  was  entirely  separated  into  small  particles 
like  (lust ;  and  as  it  rose  to  an  immense  height  so  it  spread  itself  to  an  incredible  distance,  and  fell  light 
and  gradually,  like  a  small  but  thick  mist.  This  part,  we  suppose,  must  be  occasioned  by  the  force  of  the 
blow,  effectually  separating  the  parts,  otherwise  they  would  have  fallen  with  a  violence  of  motion 
proportioned  to  the  weight  of  the  whole,  the  particles  j^ressing  one  another,  whereas  now  every  grain  was 
loose  and  independent  in  the  air,  and  fell  no  faster  than  it  was  pressed  by  its  own  weight,  as  in  a  shower 
of  snow  or  rain. 

“  The  more  solid  parts  of  this  land,  which  were  lifted  u^i  by  this  blast,  and  supposed  to  be  of  stone,  slate, 
or  clay,  or  such  solid  matter  as  would  not  dissijDate  or  separate  in  the  air  like  the  rest,  being  lifted  also  to 
an  immense  height,  and  their  plunging  by  a  mighty  force  received  by  their  own  weight  into  the  sea,  must 
of  necessity  make  a  noise  or  blow  equal  to  that  of  the  loudest  cannon,  and  perhaps  to  thunder  itself ;  and 
these  we  think  to  be  the  several  reports  or  blows  which  were  heard  even  to  St.  Christopher’s  Island  (which 
is  a  vast  distance  from  that  of  St.  Vincent),  and  of  which  the  people  in  these  islands,  as  well  as  in  the 
ships,  heard  about  a  thousand  or  twelve  hundred  distinct  blows  or  reports,  and  supposed  it  to  be  the 
noise  of  guns. 

“  As  soon  as  it  was  understood  by  the  inhabitants  in  the  other  islands  what  it  was,  fliat  is  to  say,  that  it 
was  an  eruption  of  the  earth  at  the  island  of  St.  Vincent  or  thereabouts,  sloops,  barks,  and  other  small 
vessels  came  from  all  parts  to  see  how  it  was,  to  encpiire  into  the  damage  suffered,  and  to  get  an  account 
of  the  particulars ;  but  how  astonished  must  these  enquirers  be,  when  meeting  from  all  parts  upon  the 
same  errand,  they  maybe  supposed  to  go  cruising  about  to  find  the  island;  some  examining  up  thejr 
books  to  cast  up  the  length  they  had  sailed,  some  lilaming  their  own  negligence  for  not  keeping  a  right 
reckoning,  some  their  men  for  mistaking  their  distance,  others  taking  observations  to  know  the  latitude 
they  were  in  ;  at  last  all  concluding,  as  it  really  was,  to  their  great  confusion,  that  the  said  island  was  no 
more,  that  there  appeared  no  remains  except  three  little  rocks,  no,  not  any  tokens  that  such  an  island 
had  been  there,  but  that,  on  the  contrary,  in  the  place  of  it  the  sea  was  excessive  deep,  and  no  bottom  to 
found  at  200  fathoms. 

“  As  this  is  an  event  so  wonderful  as  no  history  can  give  us  an  account  of  the  like,  so  it  cannot  be 
unpleasant  to  our  readers  to  consider  briefly  some  natural  causes  which  may  be  assigned  for  it.” 

The  writer  tlieii  proceeds  to  discuss  the  j'ossible  theoi'etical  explanations  of  this 
reinarkahle  phenomenon.  He  rejects  the  suggestion  that  it  was  due  to  an  eartht|nake, 
owing  to  the  fact  that  the  island  was  blown  into  the  air.  Two  other  causes  are 
considered,  the  sudden  admission  of  air  through  cracks  produced  by  earthquakes  to 
vast  bodies  of  sul^diurous  and  nitrous  gases  in  the  caverns  and  hollows  of  the  earth, 
producing  a  violent  explosion,  and  the  ingress  of  water  through  fissures  to  the 
subterranean  fires.  He  is  rather  inclined  to  adopt  the  latter  hypothesis. 

The  writer  of  this  article  was  probably  no  other  than  Daniel  Deeoe,  the  author 
of  “  llohinson  Crusoe,”  who  was  at  that  time  editor  of  this  Journal,  and  the  hand 
of  that  master  of  I'omance  may  be  traced  in  the  paragraph  which  suggests  that 
“sloops,  barques,  and  other  vessels  came  from  all  parts  to  see  how  it  was,”  and  joined 
in  a  futile  search  for  the  remains  of  the  island  vdiich  was  now  sunk  “  lull-fathom 
deep.”  This  embellishment  of  the  narrative  apparently  evoked  protest^  and  contra- 
*  ‘  Daniel  Defoe  ;  bis  Life  and  Miscellaneous  Writings.’  By  AVilliam  Lee,  vol.  1,  p.  280, 


SOUFRIERE,  AXD  0N  A  VISIT  TO  MONTAGNE  PELEE,  IN  1902. 


459 


diction,  for  in  the  same  Journal  of  August  2,  1718,  he  returns  to  the  subject  and 
says  :  “  They  pretend  to  tell  us  a  strange  story,  viz.,  that  the  island  of  St.  Vincent  is 
found  again,  and  is  turned  into  a  volcano,  or  burning  mountain,  but  we  must 
acknowledge,  we  do  not  believe  one  word  of  it.” 

On  account  of  its  obvious  exaggeration  this  record  has  l)een  received  ])y  many  with 
incredulity.  Shephard,  in  his  “  History  of  St.  Vincent,”  does  not  mention  it,  and  it 
is  generally  held  that  the  eruption  of  1812  is  the  first  of  which  there  is  historical 
evidence.  Mr.  Huggins,  in  liis  “  Account  of  the  Eruptions  of  the  St.  Vincent 
Soufrime,”  discredits  the  story  altogether.* 

‘  It  is  supposed  by  some  that  St.  Vincent  was  the  scene  of  an  eruption  in  the  year  1718,  which  produced 
what  is  called  the  old  crater  of  the  Soufriere,  and,  because  some  seamen  that  year  heard  and  saw  signs  of 
volcanic  disturbance  having  taken  place  somewhere  in  these  seas,  it  has  been  concluded  that  St.  Vincent 
was  the  place.  This,  however,  is  doubtful,  and  it  is  certain  from  the  researches  of  Major  Patrick 
Crichtox,  of  this  island,  that  the  Caribs  did  not  even  possess  a  tradition  of  such  an  occurrence,  and  their 
language,  I  believe,  did  not  contain  any  word  expressive  of  such  an  event,  which,  it  must  be  supposed, 
would  have  left  some  trace  behind,  uneffaceable  within  a  century.  The  Caribs,  it  is  true,  looked  upon  the 
mountain  with  dread,  but  only  as  the  abode  of  a  vengeful  spirit  hiding  himself  in  the  clouds.” 

The  reasons  he  advances,  however,  are  somewhat  discounted  liy  Mr.  Anderson’s 
statement  in  1784. t 

“The  most  remarkable  of  these  mountains  is  one  that  terminates  the  north-west  end  of  the  island  and 
the  highest  in  it,  and  has  always  been  mentioned  to  have  had  volcanic  eruptions  in  it.  The  traditions  of 
the  oldest  inhaliitants  in  the  island,  and  the  ravines  at  the  bottom,  seem  to  me  to  vindicate  the  assertion.” 

It  was  well  known,  he  says,  to  be  a  volcano,  and  this  was  the  main  reason  wliicli 
led  him  to  make  tlie  ascent. 

If  an  eruption  took  place  in  1718,  there  must  have  been  persons  living  in  St. 
Vincent  in  1784  wlio  had  witnessed  it.  But  it  is  not  mentioned  by  Mr.  Anderson, 
and  apparently  he  was  in  ignorance  of  its  occurrence.  Tliis  is  in  itself  strange,  but  it 
is  not  iiiex})lical)le. 

In  1718  the  island  was  practically  entirely  in  the  liands  of  the  Caribs,  who, 
according  to  Defoe’s  account,  were  not  unwilling  to  trade  with  passing  vessels,  but 
resented  the  intrusion  of  white  settlers.  Shephard|  states  in  his  history  that  St. 
Vincent  was  first  colonised  in  1719  by  a  party  from  Martinique,  who  had  been 
invited  to  take  up  land  liy  one  of  the  two  tribes  into  which  the  Caribs  were  divided. 
In  1723  the  Duke  of  Montague  sent  an  English  expedition  to  take  possession  of  the 
island,  but  they  found  the  natives  hostile  and  the  Fiench  colonists  already  in 
possession,  and  in  consequence  they  gave  up  the  attempt.  Gradually,  liowever,  the 
English  established  themselves  alongside  of  the  French  settlers,  and  for  a  time  the 

*  P.  Foster  Huocaxs,  ‘An  Account  of  the  Eruptions  of  the  St.  Vincent  SoufriO'e,’  1902,  p.  3. 

t  “  An  Account  of  Morne  Garou,  a  Mountain  in  the  Island  of  St.  Vincent,  with  a  Description  of  the 
Volcano  on  its  Summit.”  By  Mr.  Janes  Anderson  (‘  Phil.  Trans.,’  vol.  75,  p.  16,  1785). 

I  ‘  An  Historical  Account  of  the  Island  of  St.  Vincent.’  By  Charles  Shephard,  p.  23. 
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island  was  neutral  or  debateable  ground  ;  but  in  1779  the  French,  with  the  aid  of 
the  Caribs,  obtained  the  supremacy.  In  terms  of  the  Peace  of  Versailles  in  1783,  the 
island  was  handed  over  to  the  British  on  the  1st  January,  1784.  Mr.  Anderson’s 
ascent  of  the  Soufriere  took  place  in  March  of  that  year,  and  it  is  evident  that  at  that 
time  the  Caribs  still  maintained  their  hostile  attitude,  for  one  of  the  dangers  to 
which  he  considered  himself  exposed  was  the  possibility  of  being  cut  off  by  some 
of  their  rovino-  bands.  In  1793  war  broke  out  again  between  the  Caribs  and  the 
English,  and  lasted  for  several  years. 

Mr.  Anderson  seems  to  have  never  met  the  Caribs  of  the  north  end  of  the 
island,  and  relied  principally  on  the  planters,  who  had  not  long  been  settled  in  that 
fpiarter,  as  it  was  considered  a  reserve  for  the  natives.  His  porters  were  negro  slaves. 
He  may  never  have  heard  of  the  eruption  of  1718,  or  if  he  did  so,  may  have 
considered  the  evidence  for  it  unsatisfactory. 

The  anonymous  writer  of  the  account  of  the  eruption  of  1812  distinctly  refers  to 
a  previous  eruption  in  the  words,  “  A  century  had  now  elapsed  since  the  last  convul¬ 
sion  of  the  mountain  ”  (see  p.  463). 

The  internal  evidence,  also,  is  very  strongly  in  favour  of  Defoe’s  narrative 
having  been  founded  on  fact.  The  first  news  to  reach  England  was  that  in  Barbados 
the  startling  phenomenon  of  a  rain  of  ashes  had  caused  great  alarm,  and  it  had  been 
preceded  by  sounds  like  distant  cannonading.  Similar  noises  were  heard  all  over  the 
Caribbean  Sea  from  Antigua  to  Trinidad.  The  rain  of  dust  had  been  heaviest  near 
St.  Vincent  and  in  Barbados.  Around  the  Soufriere  the  inhabitants  had  for  a  month 
previously  been  terrified  by  the  frequency  of  the  earthquakes.  Then  the  mountain 
bui'st  witli  a  tremendous  noise,  hot  stones  and  sand  rained  down  for  hours,  and  there 
was  complete  darkness.  Those  who  were  in  ships  off  the  island  saw  a  flash  of  fire, 
followed  by  loud  crashing  noises.  The  eruption  was  sudden  in  its  outburst,  and 
lasted  only  for  a  day  or  two. 

These  are,  in  fact,  the  distinctive  features  of  the  eriq)tions  of  1812  and  1902,  as 
observed  by  those  at  some  distance  from  the  volcano,  and  the  whole  account  resembles 
in  many  resjjects  very  closely  some  of  the  narratives  which  were  published  in  the 
sjning  of  this  year.  If  Defoe  was  able  so  exactly  to  predict  the  circumstances 
of  future  eruptions  of  the  Soufriere,  he  must  have  had  even  more  of  the  creative  spirit 
of  imagination  than  he  has  hitherto  been  credited  with. 

Humboldt  made  several  references  to  this  eruption,  though  it  is  not  exactly 
kiiown  from  what  sources  he  drew  his  information.  He  seems  to  have  had  no  doubt 
of  its  having  occurred. 

If  the  statements  regarding  the  area  over  which  ash  fell,  from  Hispaniola 
(Ilayti)  to  the  moutli  (ff  the  Orinoco,  and  the  depth  of  the  layer  in  Barbados  and 
Martinique,  are  even  approximately  true,  this  was  the  greatest  and  most  violent  of  all 

*  Humboldt,  ‘  Personal  Narrative,’  English  Trandation  by  INIrs,  Wilt.iams,  vol.  4,  p.  20, 
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the  eruptions  of  the  Soufriere  since  the  colonisation  of  the  West  Indies.  We  should 
hesitate,  however,  to  place  much  reliance  on  them. 


J'lte ^Gonditimb  of  the  Crater  in  1784. 

In  the  ‘  Philosophical  Transactions  of  tlie  Royal  Society  ’  for  the  year  1785  there  is 
an  account  of  what  was  apparently  the  first  visit  made  by  any  white  man  to  the 
crater  of  the  Soufriere.  At  that  time  the  name  “  Morne  Garu  ”  was  applied  also  to 
this  mountain ;  only  after  it  was  known  that  at  the  summit  there  was  a  cone 
emitting  sulphurous  vapours  was  it  replaced  by  its  present  name  “La  Soufriere.” 
In  the  early  part  of  the  19th  century  the  volcano  was  often  referred  to  under  Ijoth 
names,  or  under  either.  At  present  it  seems  that  onl)^  the  term  Soufriere  is  used. 
Morne  Garu  is  now  the  name  of  the  mountain  mass  which  lies  immediately  to  tlie 
south.  Mr.  Anderson"^  in  his  ascent  met  with  enormous  difficulties,  and  had  to  hew 
a  path  through  the  forest  for  most  of  the  way.  For  three  days  he  was  baffled,  hut  on 
the  fourth,  with  Mr.  Fraser  and  some  negro  slaves,  he  reached  the  crater’s  rim,  and, 
descending  into  the  interior,  explored  it  thoroughly.  Probably,  had  he  had  Carib 
o-uides,  he  would  have  been  shown  a  much  easier  wav. 

“  March  4  being  the  day  I  had  fixed  to  finish  my  excursion,  about  4  in  the  morning  I  left  the  house 
of  Mr.  Fraser,  who,  out  of  curiosity,  agreed  to  accompany  me,  of  which  I  was  very  glad,  as  he  was 
a  sensible  young  man,  and  with  the  assistance  of  two  negroes  we  pursued  our  journey.  AVe  found  very 
little  obstruction  in  our  way  up  until  we  got  to  the  jDlace  where  I  returned,  and  there,  for  about  a 
cpiarter  of  a  mile,  we  had  considerable  difficulty  to  clear  our  way  through  grass  and  ferns.  After 
we  came  within  a  quarter  of  a  mile  from  the  top,  we  found  ourselves  in  another  climate  all  at  once, 
the  air  very  cold,  and  the  vegetable  productions  changed ;  here  was  nothing  but  barrenness  over  the 
whole  summit  of  the  mountain.  On  the  confines  of  the  grassy  region  and  the  barren  I  found  some 
lieautiful  plants.  Moss  grows  here  in  such  plenty  that  I  frequently  sunk  up  to  my  knees  in  it.  This 
is  the  only  place  in  the  West  Indies  that  produced  any  moss  that  I  have  seen.  About  noon  we 
gained  the  top  of  the  peak  I  had  directed  my  course  to  before,  Avhen,  in  an  instant,  we  were  surprised 
with  one  of  the  grandest  and  most  awful  scenes  I  had  ever  beheld.  I  was  struck  with  it  amazingly,  as  I 
could  not  have  conceived  such  a  very  large  and  so  singularly-formed  an  excavation.  It  is  situated  on  the 
centre  of  the  mountain,  and  where  the  various  ridges  unite.  Its  diameter  is  something  more  than  a  mile, 
and  its  circumference  to  appearance  a  perfect  circle.  Its  depth  from  the  surrounding  margin  is  above  a 
quarter  of  a  mile,  and  it  narrows  a  little,  but  very  regularly,  to  the  bottom.  Its  sides  are  very  smooth, 
and  for  the  most  part  covered  with  short  moss,  except  towards  the  mouth,  where  there  are  a  number  of 
small  holes  and  rents.  This  is  the  only  place  where  it  is  possible  to  go  down  to  the  bottom ;  it  is  exceed¬ 
ingly  dangerous,  owing  to  the  numl)erless  small  chasms.  On  the  west  side  is  a  section  of  red  rock  like 
granite,  cut  very  smooth,  and  of  the  same  declivity  with  the  other  parts.  All  the  rest  of  the  surroundino’ 
sides  seems  to  be  composed  of  sand,  that  looks  to  have  undergone  the  action  of  iTitense  fire.  It  has  a 
crust,  quite  smooth,  of  about  an  inch  thick,  and  hard  almost  as  rock,  after  Itreaking  through  which,  you 
find  nothing  but  loose  sand.  In  the  centre  of  the  Ijottom  is  a  liurning  mountain,  of  about  a  mile  in 


*  “  An  Account  of  Morne  Garou,  a  Mountain  in  the  Island  of  8t.  Vincent,  with  a  Description  of  the 
Volcanq  on  its  Summit,”  By  Mr.  .James  Anderson  (‘  Phil.  Trans.,’  vol.  75,  p.  16,  1785). 
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circumference,  of  a  conic  form,  but  quite  level.  On  the  summit,  out  of  the  centre  of  the  top,  arises 
another  mount,  eight  or  ten  feet  high,  a  perfect  cone ;  from  its  apex  issues  a  column  of  smoke.  It  is 
composed  of  large  masses  of  red  grnnife-Uke  rock  of  various  sizes  and  shapes,  which  appear  to  have  been 
split  into  their  present  magnitudes  by  some  terrible  eon\UTlsion  of  nature,  and  are  piled  up  very  regular. 
From  most  parts  of  the  mountain  issue  great  quantities  of  smoke,  especially  on  the  north  side,  which 
appears  to  be  burning  from  top  to  bottom,  and  the  heat  is  so  intense,  that  it  is  impossible  to  go  upon  it. 
C4oing  round  the  base  is  very  dangerous,  as  large  masses  of  rock  are  constantly  splitting  with  the  heat 
and  tumbling  to  the  bottom.  At  the  bottom,  on  the  north  side,  is  a  very  large  rock  split  in  two ;  each  of 
these  halves,  which  are  separated  to  a  considerable  distance  from  each  other,  is  rent  in  all  directions,  and, 
from  the  crevices,  issue  efflorescences  of  a  glossy  appearance,  which  taste  like  vitriol,  and  also  beautiful 
crystallisations  of  sidphur.  On  all  parts  of  the  mountain  are  great  quantities  of  sulphm’  in  all  states ; 
also  alum,  vitriol,  and  other  minerals.  From  the  external  appearance  of  this  mountain,  I  imagine  it  has 
only  begun  to  burn  lately,  as  on  several  parts  of  it  I  saw  small  shrubs  and  grass,  which  looked  as  if  they 
had  been  scorched  and  burnt.  There  are  several  holes  on  the  south,  from  which  issues  smoke,  seemingly 
lirokeu  out  lately,  as  the  bushes  round  are  but  lately  Inirnt.  On  two  opposite  sides  of  the  burning 
mountain,  east  and  west,  reaching  from  its  base  to  that  of  the  side  of  the  crater,  are  two  lakes  of  water, 
about  a  stone’s  throw  in  l)readth ;  they  appear  to  be  deep  in  the  middle,  their  bottom  to  be  covered  with 
a  clay-like  substance.  The  water  seems  pleasant  to  the  taste,  and  is  of  a  chalybeate  nature.  I  suppose 
these  lakes  receive  great  increase  if  they  are  not  entirely  supported  by  the  rain  that  tumbles  down  the 
side  of  the  crater.  I  observed  on  the  north  side  of  the  bottom  traces  of  beds  of  rivers,  that  to  appearance 
run  great  cpxantities  of  water  at  times  to  both  these  lakes.  By  the  stones  at  their  edges,  I  could  perceive 
that  either  absorption  or  evaporation,  or  pexdiaps  both,  go  on  fast.  The  greater  part  of  the  bottom  of  the 
crater,  except  the  mountain  and  two  lakes,  is  very  level.  On  the  south  part  are  several  shrubs  and  small 
trees.  There  are  many  stones  in  it  that  seem  to  be  impregnated  with  minerals.  I  saw  several  pieces  of 
pumice-stone.  I  also  found  many  stones  aljout  the  size  of  a  man’s  fist,  rough,  on  one  side  blue,  which 
appearance,  I  imagine,  they  have  got  from  heat  and  being  in  contact  with  some  mineral.  These  stones  are 
scattered  over  the  whole  mountain  ;  one  or  two  I  have  sent  you,  with  some  others. 

“  After  I  had  got  up  from  the  bottom  of  the  crater,  I  coidd  not  help  viewing  it  with  admiration,  from 
its  wonderful  structure  and  regularity.  Here  I  found  an  excavation  cut  through  the  mountain  and  rocks 
to  an  amazing  depth,  and  with  as  much  regularity  and  pi  oportion  of  its  constituent  parts  as  if  it  had  been 
planned  Ixy  the  hand  of  the  most  .skilful  mathematician.  I  wished  much  to  remain  on  the  mountain  all 
night,  to  examine  its  several  ridges  with  more  attention  next  day ;  but  I  could  not  prevail  on  my 
com])anion  to  stay,  and  therefore  thought  it  advisable  to  accompany  him.” 

From  this  description  it  will  he  .seen  that  in  1784  the  volcano  was  in  a  sollataric 
condition,  emitting  much  steam  and  sidphnretted  hydrogen.  Its  crater  contained 
only  two  small  lakes,  and  had  a  low  interior  coire.  The  depth  of  the  cavity  is  given 
as  a  (piartei'  of  a  mile,  but  tliis  must  be  exaggerated,  for  the  next  account  of  it,  in 
1812,  states  that  it  is  only  500  feet  deep,  yet,  apparently,  not  a  single  important 
alteration  had  taken  place  during  the  years  that  intervened. 


The  Eruption  o/i812. 

Many  accounts  of  the  eruption  of  the  year  1812  have  appeai’ed  irr  works  on  the 
West  Indies,  aird  in  tr’eatlses  on  volcanology.  They  appear  to  he  for  the  most  par  t 
abr  idged  from  tire  origirral  papers  which,  on  May  7th,  1813,  were  order-ed  Iry  the  Ilorrse 
of  Commons  to  he  priirted,  and  appeared  srrhseqrrerrtly  as  air  official  paper-.  They  have 
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this  year  been  reprinted  as  an  appendix  to  the  Bine  Book  on  the  volcanic  eruptions  in 
St.  Vincent  and  Martinique,  in  May,  1902,  where  they  will  be  found  in  full. 

Of  these  papers  the  most  important  is  an  anonymous  account  Avhich  was  published 
in  the  ‘  Evening  News,’  June  30th,  1812. 

As  it  is  the  only  contemporary  history  of  the  disaster,  Ave  reproduce  it  in  extenso : — 


description  of  the  Eruption  of  the  Soufriere  Mountain,  on  Thursday  night,  April  'dOth,  1812,  in  the  Island  of 

St.  Vincent, 

“  The  Soufriere  Mountain,  the  most  northerly  of  the  lofty  chain  running  through  the  centre  of  this 
island,  and  the  highest  of  the  whole,  as  computed  l)y  the  most  accurate  survey  that  has  yet  l)een  taken, 
had  for  some  time  past  indicated  much  disquietude ;  and  from  the  extraordinary  frequency  and  violence 
of  earthc[uakes,  which  are  calcidated  to  have  exceeded  200  within  the  last  year,  portended  some  great 
movement  or  eruption.  The  ajiprehension,  however,  Avas  not  so  immediate  as  to  restrain  curiosity,  or  to 
prevent  repeated  visits  to  the  crater,  which  of  late  had  been  more  numerous  than  at  any  former  period, 
even  up  to  Sunday  last.  A])!’!!  26th,  when  some  gentlemen  ascended  it,  and  remained  there  for  some  time. 
Nothing  unusual  Avas  then  remarked,  or  any  external  difference  observed,  except  rather  a  stronger  emission 
of  smoke  from  the  interstices  of  the  conical  hill,  at  the  bottom  of  the  crater.  To  those  avIio  have  not 
visited  this  romantic  and  Avgnderful  spot,  a  slight  description  of  it,  as  it  lately  stood,  is  preA'iously 
necessary  and  indispensable  to  form  anv  conception  of  it,  and  to  the  better  understanding  the  account 
Avhich  folloAAcs  ;  for  no  one  living  can  expect  to  see  it  again  in  the  perfection  and  beauty  in  Avhich  it  Avas  on 
Sunday,  the  26th  instant. 

“  About  2,000  feet  from  the  level  of  the  sea  (calculating  from  conjecture),  on  the  south  side  of  the  mountain, 
and  rather  more  than  tAvo-thirds  of  its  height,  opens  an  immense  circular  chasm,  someAvhat  exceeding 
half  a  mile  in  diameter,  and  lietAveen  400  and  500  feet  in  depth.  Exactly  in  the  centre  of  this  capacious 
boAvl  rose  a  conical  hill,  al)Out  250  or  .300  feet  in  height,  and  about  200  in  diameter,  richly  covered 
and  A-ariegated  Avith  shrubs,  IwushAvood,  and  vines  above  half-Avay  up,  and  for  the  remainder  poAvdered 
over  Avith  virgin  sulphur  to  the  top.  From  the  fissures  in  the  cone  and  interstices  of  the  rocks  a  thin, 
Avhite  smoke  Avas  constantly  emitted,  occasionally  tinged  Avith  a  slight,  bluish  flame.  The  precipitous  sides 
of  this  magniflcent  amphitheati'e  Avere  fringed  AA'ith  Avarious  evergreens  and  aromatic  shrubs,  floAvers,  and 
many  alpine  plants.  On  the  north  and  south  sides  of  the  l)ase  of  the  cone  Avere  tAvo  pieces  of  Avatei',  one 
perfectly  pure  and  tasteless,  the  other  strongly  impregnated  Avith  sulphur  and  alum.  This  lonely  and 
beautiful  spot  Avas  rendered  more  enchanting  by  the  singularly  melodious  notes  of  a  bird,  an  inhalntant  of 
these  upper  solitudes,  and  altogether  unknoAvn  to  the  other  parts  of  the  island ;  hence  principally  called 
or  supposed  to  be  invisible ;  though  it  certainly  has  been  seen,  and  is  a  species  of  the  merle. 

“  A  century  has  noAv  elapsed  since  the  last  convulsion  of  the  mountain,  or  since  any  other  element  had 
disturbed  the  serenity  of  this  Avilderness  than  those  Avhich  are  common  to  the  tropical  tempest ;  it 
apparently  slumbered  in  primeval  solitude  and  tranquillity,  and  from  the  luxuriant  vegetation  and  groAvth 
of  the  forest,  Avhich  covered  its  sides  from  the  base  nearly  to  the  summit,  seemed  to  discountenance  the 
fact  and  falsify  the  records  of  the  ancient  volcano.  >Such  Avas  the  majestic,  peaceful  Soufriere  on  Api  il  27th, 
but  Ave  trod  on  Agnein  repositnin  cineri  doloso,' *  and  our  imaginary  safety  AA^as  soon  to  be  confounded  by 
the  sudden  danger  of  deA'astation.  Just  as  the  plantation  bells  rang  12  at  noon  on  Monday,  the  27th,  an 
abrupt  and  dreadful  crash  from  the  mountain,  Avith  a  severe  concussion  of  the  earth  and  tremulous  noise  in 
the  air,  alarmed  all  around  it.  The  resurrection  of  this  fiery  furnace  Avas  j^roclaimed  in  a  moment  l)y  a 
vast  column  of  thick,  black,  ropey  smoke,  like  that  of  an  immense  glass-house,  bursting  forth  at  once,  and 
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mouiitiug  to  the  sky,  showering  down  sand,  with  gritty  calcined  particles  of  earth  and  fa\411a  mixed,  on  all 
Ijelow.  This  driven  before  the  wind  towards  Wallibu  and  Home  Ronde,  darkened  the  air  like  a  cataract 
of  rain,  and  covered  the  ridges,  woods,  and  cane  pieces  with  light  grey-coloured  ashes,  resembling  snow 
when  a  little  sublimed  by  dust.  As  the  eruption  increased  this  continual  shower  expanded,  destroying 
every  appearance  of  vegetation.  At  night  a  very  considerable  degree  of  ignition  was  oliserved  on  the  lips 
of  the  crater,  but  it  was  not  asserted  that  there  was  as  yet  any  visible  ascension  of  flame.  The  same  awful 
scene  presented  itself  on  Tuesday,  the  fall  of  favilla  and  calcined  pebbles  still  increasing,  and  the  compact, 
2)itchy  column  from  the  crater  rising  perpendicularly  to  an  immense  height,  with  a  noise  at  intervals  like 
the  muttering  of  distant  thunder.  On  Wednesday,  the  29th,  all  these  menacing  symjjtoms  of  horror  and 
comlmstion  still  gathered  more  thick  and  terrific  for  miles  around  the  dismal  and  half  obscured  mountain. 
The  ju’odigious  column  shot  up  with  quicker  motion,  dilating  as  it  rose,  like  a  balloon.  The  sun  appeared 
in  total  eclipse,  and  shed  a  meridian  twilight  over  us  that  aggravated  the  wintry  gloom  of  the  scene,  noAv 
completely  jjowdered  over  with  falling  jiarticles.  It  was  evident  that  the  crisis  was  as  yet  to  come ;  that 
the  Inirning  fluid  was  struggling  for  a  vent,  and  labouring  to  throw  off  the  su2)erineumbent  strata  and 
obstructions  which  .sujjpressed  the  ignivomous  torrent.  At  night  it  was  manifest  that  it  had  greatly 
disengaged  itself  from  its  burden  by  the  ajq^carance  of  fire  flashing  now  and  then,  flaking  above  the  mouth 
of  the  crater. 

“  On  Thursday,  the  memorable  April  30th,  the  reflection  of  the  rising  sun  on  this  majestic  body  of 
curling  vajjour  was  sublime  beyond  imagination,  and  comparison  of  the  glaciers  of  the  Andes  or  Cordilleras 
with  it  can  but  feebly  convey  an  idea  of  the  fleecy  whiteness  and  brillianc^iB  of  this  awful  column  of 
intermingled  and  wreathed  smoke  and  clouds.  It  afterwards  assumed  a  more  sulphureous  cast,  like 
what  we  call  thunder-clouds,  and  in  the  course  of  the  day  a  ferruginous  and  sanguine  appearance,  with 
much  livelier  action  in  the  ascent,  a  more  extensive  dilation,  as  if  almost  freed  from  every  obstruction. 
After  noon  the  noise  was  incessant,  and  resembled  the  approach  of  thunder  still  nearer  and  nearer, 
with  a  vibration  that  affected  the  feelings  and  hearing;  as  yet  there  was  no  convulsive  motion  or 
sensible  earthquake.  Terror  and  consternation  now  seized  all  beholders;  the  Charraibs  settled  at  Morne 
Ronde,  at  the  foot  of  the  Soufriere,  abandoned  their  houses  wdth  their  live  stock  and  everything  they 
possessed,  and  fled  precipitately  towards  town ;  the  negroes  became  confused,  forsook  their  work,  looked 
iqj  to  the  mountain  and,  as  it  shook,  trembled  with  the  dread  of  what  they  could  neither  understand 
nor  describe.  The  birds  fell  to  the  ground  oveiqDowered  with  showers  of  favilla,  unable  to  keep  them¬ 
selves  on  the  wing ;  the  cattle  were  starving  for  want  of  food,  as  not  a  Idade  of  grass  or  a  leaf  was 
now  to  be  found.  The  sea  was  much  discoloured,  but  in  nowise  uncommonly  agitated ;  it  is  remarkable 
that  throughout  the  whole  of  this  violent  disturbance  of  the  earth,  it  continued  cpiite  passive,  and  did 
not  at  any  time  syinijathise  with  the  agitation  of  the  land.  About  4  o’clock  the  noise  became 
more  alarming,  and  just  before  sunset  the  clouds  reflected  a  bright  copper  colour,  suffused  with  fire. 
Scarcely  had  the  day  closed,  when  the  flame  burst  at  length  jjyramidicallj’'  from  the  crater  through  the 
mass  of  smoke  ;  the  rolling  of  the  thunder  became  more  awful  and  deafening ;  electric  flashes  quickly 
succeeded,  attended  with  loud  claps,  and  now,  indeed,  the  hurly-burly  began.  Those  only  who  have 
witnessed  such  a  sight  can  form  any  idea  of  the  magnificence  and  variety  of  the  lightning  and  electric 
flashes:  some  forked  zig-zag,  playing  across  the  peiqjendicular  column  from  the  crater;  others  shooting 
iqjwards  from  the  mouth,  like  rockets  of  the  most  dazzling  lustre ;  others  like  shells,  with  their  trailing 
tires  Hying  in  different  j)aral)olas,  with  the  most  ^'ivid  scintillations  from  the  dark,  sanguine  column, 
which  now  seemed  inflexible  and  immovable  by  the  wind.  Shortly  after  7  r.M.  the  mighty  cauldron 
was  seen  to  simmer,  and  the  ebullition  of  lava  to  In’eak  out  on  the  north-west  side.  This,  immediately 
after  boiling  over  the  orifice  and  flowing  a  short  way,  was  ojqjosed  by  the  activity  of  a  higher  jJoint 
of  land,  over  which  it  was  impelled  by  the  immense  tide  of  liquefied  fire  that  drove  it  on,  forming 
the  figure  of  V  in  grand  illumination.  Sometimes  when  the  ebullition  slackened,  or  was  insufficient 
to  urge  it  over  the  obstructing  hill,  it  recoiled  back,  like  a  refluent  billow  from  the  rock,  and  then 
again  I'ushed  forward,  imi^elled  by  fresh  supplies,  and  scaling  every  obstacle,  carrying  rocks  and  woods 
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together  in  its  course  dovcn  the  slope  of  the  mountain,  until  it  precipitated  itself  down  some  vast 
ravine,  concealed  from  our  sight  by  the  intervening  ridges  of  Morne  Ronde.  Vast  globular  bodies  of  fire 
were  seen  projected  from  the  fiery  furnace,  and  bursting,  fell  back  into  it,  or  over  it  on  the  suri'ounding 
bushes,  which  were  instantly  set  in  flames.  About  four  hours  from  the  lava  boiling  over  the  crater  it 
reached  the  sea,  as  we  could  observe  from  the  reflection  of  the  fire  and  the  electric  flashes  attending 
it.  About  half-past  one  another  stream  of  la’^'a  was  seen  descending  to  the ‘eastward  towards  Rabaka. 
The  thundering  noise  of  the  mountain,  and  the  vibration  of  sound  that  harl  been  so  formidable  hitherto, 
now  mingled  in  the  srrllen,  monotonous  roar  of  the  rolling  lava,  became  so  terrible  that  dismay  was 
almost  turned  into  despair.  At  this  time  the  first  earthcpiake  rvas  felt ;  this  was  followed  by  showers 
of  cinders,  that  fell  with  the  hissing  noise  of  hail,  during  two  hours  ;  at  3  o’clock  a  rolling  on  theuoofs 
of  the  houses  indicated  a  fall  of  stones,  which  soon  thickened,  and  at  length  descended  in  a  rain  of 
intermingled  fire  that  threatened  at  once  the  fate  of  Pompeii'  or  Hercuhuieum.  The  crackling  and 
coruscations  from  the  crater  at  this  period  exceeded  all  that  had  yet  passed ;  the  eyes  were  struck 
with  momentary  blindness,  and  the  ears  stunned  with  the  glomeration  of  sounds.  People  sought  shelter 
in  cellars,  under  rocks,  or  anywhere,  for  everywhere  was  nearly  the  same  ;  and  the  miserable  negroes, 
flying  from  their  huts,  were  knocked  down  or  wounded,  many  killed  in  the  open  air.  Several  houses 
were  set  on  fire ;  the  estates  situated  in  the  immediate  vicinity  seemed  doomed  to  destruction.  Had  the 
stones  that  fell  been  proportionately  heavy  to  their  size,  not  a  living  creature  could  have  escaped 
without  death ;  these  having  undergone  a  thorough  fusion,  they  were  divested  of  their  natural  gravity 
and  fell  almost  as  light  as  jJiime.r,  though  in  some  places  as  large  as  a  man’s  head.  This  dreadful  rain 
of  stones  and  fire  lasted  upwards  of  an  hour,  and  was  again  succeeded  by  cinders  from  3  till  6  o'’cldCk  in 
the  morning ;  earthcpiake  followed  earthcpiake  almost  momentarily,,  or  rather  the  whole  of  this  part  of  the 
island  was  in  a  state  of  continued  oscillation,  not  agitated  by  shocks,  vertical  or  horizontal,  but  undulated 
like  water  shaken  in  a  bowl. 

“  The  break  of  day,  if  such  it  could  be  called,  was  truly  terrific.  Darkness  was  only  visible  at  8  o’clock, 
and  the  birth  of  May  dawned  like  the  Day  of  Judgment.  A  chaotic  gloom  enveloped  the  mountain,  and 
an  impenetrable  haze  hung  over  the  sea,  with  black,  sulphurous  clouds  of  a  sulphurous  cast.  'The  whole 
island  was  covered  with  favilla,  cinders,  scorite,  and  broken  masses  of  volcanic  matter.  Tt  was  not  until 
the  afternoon  the  muttering  noise  of  the  mountain  sunk  gradually  into -a  solemn  yet  susjjicious  silence. 
Such  were  the  particulars  of  this  sublime  and  tremendous  scene,  from  comm.encement  Jo  catastrophe.:  to 
describe  the  eft'ects  is,  if  possil)le,  a  more  difficult  and  truly  most  distressing  task.” 

In  Shephard’s  ‘Historical  Account  of  the  Island  of  St.  Vincent’  (London,’ 18'31) 
there  is  an  account  of  this  eruption,  which  is  obviously  very  largely  extracted  from 
that  given  above.  It  is  valuable,  however,  in  that  it  gives  some  further  particulars 
as  to  the  subsecpient  history  of  tlie  mountain,  and  the  distribution  and  amount  of  the 
damage  incurred  : — 

“The  volcano  still,  however,  burned,  and  on  June  9th  it  again  gave  alarming  signs  of  activity,  but 
nothing  more  occurred  than  the  throwing  up  of  a  cpiantity  of  stones  and  ashes,  which  fell  back  into  the 
abyss  from  whence  they  came.  All  the  former  beauty  of  the  Soufriere  was,  of  course,  destroyed  ;  the  conical 
mount  disappeai’ed,  and  an  extensive  lake  of  yellow-coloured  water,  whose  agitated  wave's  perpetually 
threw  up  vast  epantities  of  black  sand,  supplied  its  place.  A-new -crater  was  formed  on  the  north-east,  of 
the  original  one,  and  the  face  of  the  mountain  was  entirely  cliangecL- .  Many_of  tLe  adjoining  ravines  weie 
filled  up,  particularly  Wallibu  and  Duvallie’s.  In  the  formey  the  river  was  absorbed  for  some  years,  but 
the  gradual  accumulation  of  water  burst  through  the  sandy  barrier,  and  carried  away  many  negio  houses 
in  its  progress ;  32  slaves,  belonging  to  Wallibu  estate,  were  washed  into  the  sea  .by  the  torrent.  At 
Duvallie’s,  the  former  settlement  of  the  Carib  chief,  a  sugar  plantation  had  been  established  by  Messrs. 
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Thesiger  and  Calvelly  ;  the  works,  situated  in  a  A’alley,  were  entirely  covered  by  the  sand  and  ashes,  and 
some  hogsheads  of  sugar  remain  there  at  present  calcined  to  a  cinder.  The  Rabaka  River  was  also  filled 
up,  and  its  stream  seldom  reaches  the  sea  except  in  cases  of  heavy  rains.  It  was  at  first  feared  that  the 
island  would  be  rendered  barren  by  the  ashes,  which  lay  on  its  surface  to  a  considerable  depth,  but  they 
did  not  prove  so  injurious  as  rvas  supposed.  The  great  danger  was  famine ;  but  the  neighbouring  colonies 
of  Barbados,  Demerara,  and  Dominica,  with  a  generous  promptitude,  hastened  to  supply  the  island  with 
provisions,  and  a  Committee  was  appointed  by  the  Council  and  Assembly  for  the  purpose  of  purchasing 
supplies.  An  investigation  of  the  losses  sustained  was  also  made,  and  a  petition  presented  to  the  Prince 
Regent  praying  for  relief,  which  vvas  most  favourably  received,  and,  on  the  case  being  laid  before 
Parliament,  the  sum  of  £25,000  was  voted  for  the  relief  of  the  suft'erers.  It  is  a  wonderful  circumstance, 
although  the  air  was  perfectly  calm  dining  the  eruption,  that  Barbados,  which  is  80  miles  to  the  windward, 
was  covered  several  inches  deep  with  the  ashes,  and  the  inhabitants,  on  the  last  day  of  the  eruption,  were 
terrified  by  the  approach  of  utter  darkness,  which  continued  for  four  hours  and  a  half,  and  then  slowly 
decreased.  There  also,  and  in  several  other  islands,  the  troops  were  under  arms,  supposing,  from  the 
continued  noise,  that  the  hostile  fleets  w'ere  engaging.” 

bHEPHARD  ^v‘dh  IcT  soiiie  years  resident  in  St.  Vincent,  and  must  have  been 
acquainted  with  many  ■'vho  had  "witnessed  the  eruption.  To  Montgomeiiy  Maktix’s 
‘  History  of  the  West  Indies’  he  contributed  an  account  of  this  eruption,  with  much 
other  matter  retrardiny  the  island  of  St.  Vincent. 

In  the  Blue  Book'"  there  appear  also  several  letters  and  other  pajiers  which,  as  they 
were  written  within  a  short  time  after  the  outburst,  give  valuable  particulars  as  to  its 
history  and  consequences. 

It  would  appear  that  immediately  before  the  eruption  of  1812  the  crater  was  in 
jjractically  the  same  condition  as  when  seen  by  Mr.  Andeksox  in  1784.  The  interior 
cone  was  still  standing,  and  at  its  base  were  the  two  small  lakes  of  water — one 
bitter  and  sulphurous,  the  other  fresh.  From  apertures  in  this  cone  gases  were 
still  being  emitted.  It  v/as  a  Soufriere  ”  giving  out  steam  and  sulphuretted 
hydrogen,  like  many  others  in  the  Caribbees,  and  from  the  action  of  the  sulphurous 
vapours  no  vegetation  grew  on  the  upper  part  of  this  cone,  but  its  base  and 
the  encirclin<>'  walls  of  the  crater  were  covered  with  low  Imsh.  On  this  inner 
cone  a  coating  of  sulphur  had  been  deposited,  and  the  acids  generated  by  the 
oxidation  of  the  sulphurous  vapours  had  attacked  the  I'ocks,  giving  rise  to  aluminous 
salts  which,  with  the  precipitated  sulphur,  contaminated  the  water  of  one  of  the 
lakes. 

The  eruption  began  about  noon  on  April  27th  with  the  emission  of  a  great  cloud 
of  black  smoke,  accompanied  by  a  trembling  of  the  earth  and  a  loud  noise.  For  three 
days  steam  continued  to  ascend  in  a  great  column  Iroin  the  crater,  and  line  dust  vith 
lapilli  and  scoriae  rained  down  on  the  slopes  of  tlie  mountain,  covering  everything  with 
a  deposit  of  grey  ash,  . and  injuring  all  the  vegetation,  but  causing  no  loss  of  life.  One 
is  irresistibly  I'eminded  of' the  earlier  stages  of  the  eruption  of  Pelee  in  May,  1902, 

Blue  Book:  ‘ CotTcspoiidence  relating  to  the  Volcanic  Eruptions  in  St.  A'incenc  and  Martiniipie  in 
May,  1902,’-pp.  91  Dixy.  - 
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when  for  several  days  steam  rose  from  the  mountain,  and  the  streets  of  St.  Pierre 
were  powdered  over  with  light  grey  ashes. 

On  the  morning  of  April  30th  the  violence  of  the  eruption  was  obvioirsly 
increasing  and  the  Caribs  of  Morne  Ronde  deserted  their  houses.  The  volume  of 

O ' 

steam  was  becoming  larger  and  larger,  and  in  the  afternoon  the  noises  from  the 
mountain  became  louder  and  louder,  hut  as  yet  earthquakes  had  not  occurred  in  any 
number.  As  night  fell  the  climax  was  at  hand,  and  the  “lava”  welled  over  the  edge 
of  the  crater,  one  stream  flowing  down  to  the  north-west — probably  from  the  new 
crater — while  another  was  seen  shortly  afterwards  to  descend  into  the  valleys  of  the 
Wallibu  and  Rahaka.  The  noises  from  the  crater  were  now  deafening,  and  a  rain  of 
cinders  followed,  which  lasted,  with  intermissions,  till  6  o’clock  next  morning.  The 
earthquakes  were  numerous  and  violent,  hut  the  sea  remained  calm  all  night,  and 
there  were  no  tidal  waves. 

The  account  first  published  in  the  ‘Evening  News ’states  clearly  that  lava  was 
seen  to  flow  down  to  the  north  of  Morne  Ronde,  and  took  four  hours  to  reach  the  sea, 
])ut  there  is  much  reason  to  Ijelieve  that  in  this  case  historical  accuracy  has  ])een 
sacrificed  to  literary  effect,  and  that  many  of  the  graphic  touches  in  the  picture  are 
to  he  ascribed  to  the  action  of  a  powerful  imagination.  According  to  Shephard 
another  smaller  outburst  followed  on  June  8th,  but  did  no  damage. 

The  extent  of  country  devastated  by  this  eruption  is  sufficiently  indicated  l)y  the 
List  of  Estates,  to  which  a  share  of  the  money  voted  by  Parliament  was  assigned  : — 

Appropriafion  of  tlir  Sum  of  ^^25,000  fpranfed  in  the  Sufferers  bp  the  J^olcanic  Enqytion  hp  oSrcI  Geo.  Ill, 

rap.  1.36. 

Estimated  Los.?.  Paid. 


£ 

d. 

£ 

N. 

d. 

Robert  Sutherland  for  Pataka 

...  19,378 

0 

0 

5,. 300 

0 

0 

Johii  and  Lewis  Grant  for  Wallibu 

8,261 

0 

0 

3,900 

0 

0 

Charles  Thesiger  for  Dnvallie’s  ... 

7,800 

0 

0 

.3,750 

0 

0 

.1  oh n  Crnickshank  for  Langley  Park 

8,064 

0 

0 

2,400 

0 

0 

Alex.  Cnrickshank  and  A.  Cuming — Lot  14 

6,974 

0 

0 

2,100 

0 

0 

Thomas  Browne  for  Grand  Sable 

...  7,392 

0 

0 

1,580 

0 

0 

John  Smith  and  Alex.  Cuming  for  Rabaka 

4,780 

0 

0 

1,200 

0 

0 

William  McKenzie  for  Turama  ... 

4,006 

0 

0 

1,140 

0 

0 

Robert  Brown  for  Mount  Bentinek 

3,718 

10 

0 

793 

0 

0 

Thomas  Eraser  for  Eraser’s 

1,262 

0 

0 

700 

0 

0 

James  Crnickshank  for  Richmond 

3, .028 

0 

0 

654 

0 

0 

John  Low  ... 

378 

10 

0 

200 

0 

0 

Thomas  Dickson 

577 

0 

u 

200 

0 

0 

.lane  Dermot 

508 

0 

0 

200 

0 

0 

.1  no.  Vf.  Carmichael 

820 

0 

0 

180 

0 

0 

Henry  Haffey 

Eanny  Crnickshank 

1,100 

0 

0 

166 

0 

0 

1.50 

0 

0 

60 

0 

0 

Thomas  Riddock  ... 

75 

0 

0 

57 

0 

0 

Alexander  Clunes  ... 

2.50 

0 

0 

50 

0 

0 

Henry  Charles 

103 

0 

0 

50 

0 

0 

24,680 

7 

0 

Treasury  Charges  and  Commissions 

319 

13 

0 

£79,125 

hi 

0 

£25,000 

0 

0 

3  o  2 
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It  would  seem  that  all  the  leeward  side  of  St.  Vincent,  from  Richmond  to  Windsor 
Forest,  had  suffered  severely,  and  the  Carib  Country,  from  Grand  Sable  to  Turema,  was 
covered  with  6  to  10  inches  of  ashes.  At  Fancy  and  Owia,  on  the  northern  shore, 
there  was  a  certain  amount  of  damage,  hut  it  is  quite  probable  that,  as  in  this 
eruption,  they  suffered  only  to  a  comparatively  slight  extent.  The  list  of  ruined 
estates  is  practically  the  same  as  that  of  May,  1902,  and  in  particular  we  may  note 
that,  while  the  country  around  Georgetown  was  much  damaged,  no  injury  was  done 
at  Ghateaubelair.  The  depth  of  ashes  which  fell  on  the  Windward  Estates  was  only 
10  inches,  as  compared  with  3  to  5  feet  on  this  last  occasion,  and  this  leads  to  the 
belief  that  on  the  whole  the  eruption  of  1 8 1 2  was  the  less  violent  of  the  two. 

The  agricultural  value  of  the  land  in  the  Carib  country  was  hardly  affected,  as 
the  eruption  took  place  when  the  crop  was  over  ;  and  the  same  amount  of  sugar  and 
rum  was  manufactured  there  in  1813  as  in  1812."'"  Duvallie’s  was  completely 
destroyed;  Fraser’s  (north  of  Wallibu)  recovered  only  in  1814;  and  Wallibu  in  1814 
or  ISlo.t 

The  loss  of  life  was  also  small,  and  singularly  little  mention  is  made  of  it,  as 
nearly  all  those  killed  appear  to  have  been  negro  slaves,  and  their  value  was  no  doubt 
reckoned  up  in  the  grand  total  of  losses.  As  at  that  time  the  sugar  estates  were 
highly  prosperous  there  must  have  been  a  large  population,  so  we  may  safely  conclude 
that  a  hot  asphyxiating  blast  did  not  pass  over  the  villages.  The  injuries  are 
ascribed  to  hot  falling  stones,  and  to  the  collapse  of  the  roots  of  the  huts  on  their 
occupants.  It  is  said  that  the  number  of  lives  lost  was  oG.j:  By  the  collapse  of  the 
roof  of  tlie  Grand  Sable  house  "‘a  gentleman  of  the  name  of  Philutps”  was  killed. 
Accordino;  to  a  letter  from  William  .Mackexzie,  of  Turema,  verv  few  lives  were  lost 
in  the  Carib  Country.  §  Nine  perished  at  Duvallie’s.  || 

In  a  letter  from  ALEXAXDEPi  Ceuickshaxks,  who  was  part  proprietor  of  Lot  14,^ 
we  have  some  further  particulars  which  are  of  great  importance  The  Rahaka 
River  and  the  Wallibu  have  totally  disappeared,  not  one  drop  of  water  being  left  in 
the  channels  of  the  Rahaka.  The  lava  is  50  to  GO  feet,  and  in  some  80  feet,  above 
the  bed  of  the  river,  and  in  some  places  on  the  other  side  of  the  island  the  lava  is 
about  130  feet,  covering  completely  a  fall  in  the  Wallibu  River,  which  rvas  70  feet 
high,  not  only  to  the  top,  but  50  or  GO  feet  above  the  top  of  it,  from  which  the  water 
formerly  fell.” 

It  is  also  repeatedly  stated,  in  the  correspondence  printed  in  the  Blue  Book, 
that  the  Rivers  Rahaka  and  Wallibu  have  completely  dried  u]),  and  this  was  of 

*  Blue  Book,  p.  88  ;  also  p.  98. 

t  Blue  Book  ‘  Ou  the  Eruptions  in  St.  Vincent  and  Martinique  in  IMay,  1902,’q3.  87. 

1  P.  Foster  HiUiOixs,  ‘  Account  of  the  Eruptions  of  the  St.  Vincent  Soufriere,’  p.  7. 

§  Blue  Book  ‘  On  the  Eru[)tions  of  St.  Vincent  and  Martinique  in  May,  1902,’  p.  92. 

|j  Blue  Book,  p.  95. 

Bine  Book,  p.  92. 
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great  importance,  as  affecting  the  suj^ply  of  water  to  the  sugar  works  and  rum 
distilleries. 

The  material  which  filled  up  these  valleys  is  called  “  lava,”  hut  there  can  l)e  no 
doubt  it  was  sand  and  ashes.  Shephard  expressly  states  that  the  Wallibu  was 
dammed  up  with  sand,  and  that  some  years  afterwards  “  the  gradual  accumulation  of 
water  burst  through  the  sandy  barrier  and  carried  away  many  negro  houses  in  its 
jjrogress  ;  32  slaves  belonging  to  Wallibu  Estate  were  washed  into  the  sea  by  the 
torrent.” 

In  short,  it  is  clear  that  after  the  eruption  of  1812  the  upper  parts  of  the  Wallibu 
and  Eabaka  Valleys  were  in  very  much  the  same  condition  as  at  present,  filled  with 
deep  deposits  of  sand,  which  obstructed  the  lateral  valleys  and  caused  lakes  of  water 
and  of  mud  to  collect  there.  Obviously,  on  the  night  of  April  30th,  in  the  height  of 
the  eruption,  an  avalanche  of  sand  swept  down  the  mountain  and  lodged  in  the 
ravines  on  the  south  side  of  it.  With  it  there  must  have  been  a  black  cloud  and  a 
hot  blast,  only  the  eruption  was  less  violeait  than  that  of  this  year,  and  the  black 
cloud  had  lost  its  burden  of  hot  ash,  and  lifted  off  the  surface  of  the  ground  before 
it  reached  the  Carib  Country,  so  that  it  mounted  into  tlie  air  over  the  heads  of  the 
inhabitants,  and  tliey  narrowly  escaped  a  sudden  and  painful  death. 

The  avalanche  of  dust  must  have  welled  over  the  southern  lip  of  the  main  crater, 
and  we  learn,  from  Shephakd  and  other  sources,  that  after  the  eruption  tlie  inteiior 
cone  had  vanished.  ,  Major  Crichton  is  said  to  have  visited  the  crater  three  days 
after  the  eruption, and  to  have  found  in  it  a  lake  of  water.  It  was  then  in  very 
much  the  same  condition  as  before  the  eruption  of  this  year — that  is  to  say,  its  depth 
Iiad  increased  to  about  IGOO  feet,  and  it  had  a  highly  concave,  basin-shajjed  floor. 

It  is,  of  course,  possible  to  argue  that  this  discharge  of  sand  took  the  form  of 
a  mud  lava,  and  not  of  a  dry  hot  avalanche,  hut  this  explanation  will. not  meet  the 
exigencies  of  tlie  case  when  vn  consider  the  phenomena  on  the  north  and  west  sides 
of  the  mountain.  About  midnight  on  April  30th,  when  the  epoch  of  maximum 
activity  supervened,  a  great  outburst  was  noticed  on  the  north-west  side.  I'his 
marked  apparently  the  formation  of  the  new  crater.  A  current  of  red-hot  matter 
discharged  from  it,  passed  down  the  valley  of  Larikai  to  the  north  of  Moine  Ilonde. 
It  is  also  stated  [see  p.  4G4)  that  the  lava, I  “  immediately  after  boiling  over  the  orifice 
and  flowing  a  short  way,  was  opposed  by  the  activity  of  a  higher  point  of  land,  over 
which  it  was  impelled  by  the  immense  tide  of  liquefied  fire  that  drove  it  on,  foiniing 
the  figure  of  Y  in  grand  illumination.  Sometimes,  when  the  ebullition  slackened,  or 
was  insufficient  to  urge  it  over  the  obstructing  hill,  it  recoiled  back,  like  a  refluent 
billow,  from  the  rock,  and  then  a.gain  rushed  forward,  impelled  by  finsh  su])plies,  and, 
scaling  every  obstacle,  carrying  rocks  and  woods  together  in  its  course  down  the 
slope  of  the  mountain,  until  it  precipitated  itself  down  some  vast  ravine  concealed 

*  P.  Foster  Huggins,  ‘  An  Account  of  the  Eruptions  of  the  St,  Vincent  Soufriere,’  p.  94. 

+  Blue  Book,  p.  94. 
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frf)m  our  sigHt  ])y  the  intervening  ridges  of  Morne  Ronde.  Vast  globidar  Ijodies  of 
fire  were  seen  projected  from  tlie  fiery  furnace,  and  bursting  fell  back  into  it,  or  over 
it  on  tlie  sui'rounding  l^ushes,  which  were  instantly  set  in  flames.  About  four  hours 
from  the  lava  boiling  over  the  crater  it  reached  the  sea,  as  we  could  observe  from  the 
reflection  of  the  fire  and  the  electric  flashes  attending  it.” 

Now  this  looks  very  circumstantial,  l)\it  the  fact  remains  that  when  we  were  at  the 
mouth  of  the  Larikai  this  summer  we  saw  no  lava  in  the  bed  of  the  .stream  there. 
This  torrent  flo’ws  down  a  tremendous  gorge,  cut  in  the  old  lavas  and  tuffs  of  this 
part  of  the  mountain.  On  the  shore  below  there  had  been  a  small  alluvial  fan,  but, 
as  already  mentioned  (p.  454),  it  had  slid  away  and  disappeared  during  the  eruption 
of  tins  year.  In  the  mouth  of  the  gorge  there  was  a  low  cliff,  some  50  feet  high  or 
more,  capped  by  a  few  feet  of  the  new,  hot  sand.  The  cliff  consisted  of  a  material  so 
exactly  similar  to  the  ash  that  overlay  it  that,  if  it  had  not  been  for  the  old  burnt 
soil,  it  would  have  been  hardly  possible  to  find  a  line  of  demarcation  between  the  two 
deposits.  We  were  at  once  struck  with  the  similarity,  and  came  to  the  conclusion 
tliat  here  was  the  evidence  of  a  dust  avalanche  eruption  previous  to  that  of  this  year. 
We  could  not  land,  as  the  bare  cliff  of  volcanic  sand  was  tumbling  in  frequent 
landslips  into  the  sea,  but  we  rowed  quite  close  in,  and  could  make  out  all  the  more 
important  features  of  the  deposit.  It  was  almost  unstratified,  and  had  a  few  stones 
scattered  through  it,  hut  for  the  most  })art  was  a  yellow  or  brownish  incoherent 
sand.  It  could  not  possibly  have  been  an  alluvial  deposit,  as  it  showed  so  little 
stratification,  and  such  a  torrent  as  the  Larikai  could  not  he  siqDposed  to  lay  down 
50  feet  of  sand  in  any  part  of  the  precipitous  ravine.  Further  iq3  we  could  see 
where  it  had  been  rollino;  down  enormous  boidders  durino-  the  recent  heavv  rains. 
This  was  the  last  deposit  in  the  Laril^ai,  and  it  bore  all  the  marks  of  a  dust  avalanche. 
It  lay  in  the  old  eroded  gorge  behind  a  bend,  whe’e  a  ])rojecting  mass  of  rock  had 
})rotected  it  from  erosion. 

On  the  north-west  corner  of  the  Soufiiere  lay  the  estate  of  Diivallie’s 
(De  Volet’s),  also  known  as  Windsor  Forest."^  This  was  at  that  time  a  sugar 
estate,  hut  is  now  devoted  to  grazing  and  cocoa.  It  is  stated  to  have  been 
“entirely  covered  with  the  matter  thi'own  out  by  the  volcano;  the  sugar  works 
totally  covered  and  not  discernible  ;  nine  negroes  killed,  the  rest  escaped  over  the 
mountains  and  came  to  town  much  cut  and  bruised.”  t 

According  to  Shephard  it  was  “  entirely  covered  with  sand  and  ashes.”  This 
may  have  been  the  work  of  a  mud  lava,  but  it  is  more  probable  that  from  the 
position  of  the  new  cratei'  that  its  emissions  were  directed  principally  towards  the 
north  side  of  the  hill,  and  that  the  black  cloud  which  descended  there  was  even 
more  destructive  than  in  the  })resent  year,  when  most  of  the  valleys  in  this  quarter 

*  P.  Foster  Huggins,  ‘  An  Account  of  the  Eruptions  of  the  St.  Vincent  Soufriere,  1902,’  p.  7. 

t  Blue  Book :  ‘  Correspondence  relating  to  the  Volcanic  Eruptions  in  St.  Vincent  and  Martinique  in 
May,  1902,’  p.  95. 
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contained  deposits  of  ashes  which  for  some  days  prev^ented  the  flow  of  the  streams. 
The  estate  was  thereafter  abandoned  for  a  number  of  years. 

v' 

It  is  universally  believed  in  St.  Vincent  that  the  ejecta  of  this  erujjtion  which 
gathered  in  the  valley  of  the  Ilabaka  Dry  Iliver  greatly  moditied  tlie  volume  of  the 
water  in  this  stream  and  the  regularity  of  its  flow,  which  has  hitherto  been  more  or 
less  continuous,  like  that  of  the  majority  of  the  rivers  in  the  island.  Thenceforward 
it  was  a  “  dry  river” — that  is  to  say,  its  capacious  channel  contained  no  water  except 
immediately  after  rain.  The  bed  of  the  stream  is  probably  200  yards  in  width,  and 
was  usually  occipjied  only  by  black  sand,  mud,  and  boulders,  so  that  it  could  he 
crossed  dry  shod,  but  at  times  it  vars  suddenly  filled  from  bank  to  l^ank  with  a 
rushing  torrent  which  could  not  be  forded,  and,  as  there  was  no  bridge,  the  north  end 
of  the  island  on  the  windward  side  was  then  cut  off  from  communication  with  tlie 
rest.  So  mysterious  and  unaccountable  did  those  periodical  floods  seem,  that  many 
believed  they  were  due  to  some  strange  outflow  from  the  crater  lake  by  means  of 
subterranean  passages. 

The  explanation  usually  accepted  ^vas  of  a  more  simple  character  t ; — 

“  The  Windward  slojjes  of  this  portion  of  the  range  ai’e  drained  I)y  a  channel  called  the  Dry  Kiver, 
which  runs  through  the  Carih  Country,  and  Avhich  from  its  peculiarity  deserves  notice.  Before  the 
eruption  of  1812,  a  stream  of  average  size  filled  this  now  dry  watercourse,  and  emptied  itself  into 
the  sea.  During  the  eruption,  the  channel  of  the  stream  was  completely  filled  and  choked  with  scoriae, 
rocks,  and  gravel,  underneath  which  the  wmter  now,  in  ordinary  times,  disappears  some  distance  before 
it  reaches  the  coast  and  finds  its  way  to  the  sea.  In  floods,  however,  the  water  comes  down  with 
singular  force  and  volume,  filling  the  rocky  bed,  which  is  200  yards  across  (where  the  highway  passes  it), 
from  bank  to  bank.  The  water  is  described  as  advancing  in  huge  waves,  like  the  bore  of  a  tideway. 
On  these  occasions  it  is  very  destructive,  and  it  has  already  washed  away  many  acres  of  cane  land  from 
the  estate  of  Langley  Park,  situated  on  its  bank.” 

Before  we  reached  St.  Vincent  the  conditions  liad  agaiir  been  entirely  altered  l)y  the 
eruption  of  this  year.  It  is  not  possible  now  for  us  to  Ije  certain  exactly  what  were 
the  causes  which  so  modified  the  behaviour  of  this  stream  about  the  year  1812.  The 
explanation  offered — viz.,  that  the  valley  aljove  was  choked  with  sand  and  scoria — 
is,  at  any  rate,  credible,  as  if  tliese  materials  were  dry  and  porous  they  might  aljsoiT 
much  of  the  water  before  it  could  reach  the  lower  levels.  It  also  strongly  confirms 
Shephard’s  statement,  that  the  Ilabaka  River  was  filled  with  sand,  and  strengthens 
the  evidence  in  favour  of  the  eruption  of  1812  having  been  characterised  hy  the 
emission  of  an  avalanche  of  dust. 

For  the  last  mile  of  its  course,  before  reaching  the  sea,  the  Ilabaka  Dry  River  flows 
through  what  is  known  as  the  “  lava  l)ed.”  In  this  it  has  cut  a  wide  channel,  and  on 
each  side  it  is  flanked  by  two  or  three  v^ell-marked  teiraces,  the  ti'aces  of  foiniei' 

*  P.  Foster  Huggins,  ‘  An  Account  of  the  Eruptions  of  the  .St.  Vincent  .Soufriere,’  p.  9. 

t  ‘  Historical  and  Descriptive  Sketch  of  the  Colony  of  St.  Vincent,  tV.L’  (Compiled  under  the 
direction  of  the  Commissioner  for  the  ^Vindward  Islands,  1891.)  By  T.  B.  C.  Musgr.vve,  p.  3. 
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levels  at  v'hich  the  stream  flovecl  as  it  gradually  eroded  the  mass  vhich  had 
obstructed  its  older  and  still  wider  bed.  The  “lava  bed”  is  composed  of  black 
mud,  sand,  and  stones,  in  which  there  is  also  a  considerable  amount  of  charred 
timber.  It  is  essentially  a  recent  formation,  which  has  filled  up  and  obliterated  the 
course  of  the  stream  at  no  very  distant  date,  as  it  differs  considerably  in  appearance 
from  tlie  rocks  of  the  Carib  Country,  in  which  the  primitive  valley  of  the  llabaka 
Paver  had  been  carved,  and  has  altogether  a  much  newer  aspect  than  the  weathered 
tufis  exposed  on  the  sea  cliffs  and  in  the  higher  slopes  and  ravines.  Many  beheve 
that  it  is  a  product  of  the  eruption  of  1812,  but  we  could  find  no  very  conclusive 
evidence  of  this,  and  there  is  no  inherent  reason  whv  it  mav  not  have  been  due  to 
some  earlier  eruption. 

It  faces  the  river  in  low.  vertical  banks  from  6  feet  to  20  feet  high  ;  its  upper 
sui'face  is  perfectly  terraced,  and  shows  two  or  three  benches  several  feet  apart. 
Only  two  explanations  suggest  themselves  to  account  for  its  presence  there.  It 
mav  have  been  a  hot  sand  avalanche,  and,  if  so,  it  cannot  have  accumulated  during 
the  eruption  of  1812,  for  when  so  great  a  mass  of  debris  was  projected  mto  the 
lower  part  of  the  Pabaka  Valley  the  accompanying  hot  blast  must  have  been 
tremendous,  and  would  have  annihilated  every  living  thing  for  miles  around.  But 
it  does  not  look  like  a  sand  avalanche ;  in  the  stream  sections  it  too  often 
shows  a  V  ell-marked  bedding,  and  it  contains  many  rounded  blocks  of  lava,  which 
certainlv  appeared  to  be  water-woin  boulders,  such  as  are  common  in  the  valleys. 
Evervthing  pointed  ratlier  to  its  having  been  a  great  mud  lava,  which  had  swept 
down  the  upper  parts  of  the  river’s  course  with  a  high  velocity,  and  had  caught  up 
and  incorjDorated  the  gravel  and  boukPrs  over  which  it  passed.  Then,  when  it  reached 
the  fiat  country  at  the  lower  end  of  the  valley,  it  had  been  unable  to  flow  further,  and 
had  come  to  rest,  a  great  glacier  of  black  mud  and  stones,  which  filled  up  the  broad  but 
shallow  channel  into  which  it  had  flowed.  Such  floods  of  mud  followed  the  eruption 
of  1812,  and  may  possibly  occur  in  the  near  future  as  a  consequence  of  the  eruption 
of  this  vear,  and  the  discharo’e  of  snch  mud  lakes  as  are  formino;  in  some  of  the 
hio’her  sti'eams  would  furnish  most  of  the  conditions  necessarv  for  the  obstruction  of 
the  livers  in  their  lower  parts  by  masses  of  stony  mud  exactly  resembling  the 
“  lava  bed.” 

The  ''May  Dust'’  in  Barhados,  1812. 

Earlv  in  the  morning''  of  Mav  1st,  1812,  sounds  as  of  distant  cannonadino-  were 
heard  in  Barbados,  and  it  was  generally  believed  that  a  naval  engagement  was 
taking  place  somewhere  off  the  coast.  The  garrison  prepared  to  I'epel  any  attack. 
At  Bozeau,  m  Dominica,  similar  noises  were  heard  a  little  after  midnight,  and  the 
regular  forces  were  placed  under  arms  and  the  militia  called  out.  In  Barbados  dust 
began  to  fall  about  half  past  1  o’clock,  and  there  was  intense  darkness,  but  in 
Dominica  there  was  no  darkness  and  no  fall  of  dust.  For  several  days  afterwards 
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there  was  great  excitement,  as  ship  alter  ship  came  in  reiJorting  tliat  they  had  had 
the  same  experience,  only  varying  in  degree,  and  no  explanation  was  obtained  till 
word  came  from  St.  Vincent  that  the  Soufriere  had  erupted. 

Sir  Robert  Sghomburgk,  in  his  history  of  Barbados,  gives  the  diary  of  a  gentleman 
residing  in  St.  Peter’s  parish  in  the  island,  containing  his  observations  on  the  unusual 
occurrence  : — 

“At  hcalf-past  12  A.M.  on  May  1st,  1812,  a  heavy,  dark  cloud  obscured  the  heavens  completely,  hanging 
so  low  as  apparently  to  touch  the  ground,  except  in  the  south  and  north-east,  where  there  was  a  fine,  light 
blue  tint,  which  closed  in  at  half-past  1  A.M.,  when  darkness  visibly  overspread  this  part  of  the  island.  At 
this  period  a  sandy  grit  began  to  fall  in  small  cpiantities.  At  2  A.M.  explosions  heard  to  the  southward 
and  westward,  resembling  two  frigates  exchanging  broadsides,  to  the  amount  of  18  or  20 ;  went  to  the 
tojJ  of  the  house,  but  could  perceive  no  flashes,  though  the  sound  seemed  sufficiently  near,  light  being 
perceptible  at  a  much  greater  distance  than  sound  can  be  heard,  the  sandy  grit,  converted  into  ashes, 
silently  falling.  From  2  to  6  A.M.  low,  murmuring,  hollow  distant  thunder,  but  no  lightning  seen,  except 
the  vivid  flashes  which  preceded  two’nearer  peals.  Between  these  periods  smart  squalls  with  rain  and  ashes 
mixed  from  the  eastward,  which  seldom  lasted  above  40  seconds,  the  ashes  bearing  a  greater  proportion 
than  the  rain  in  this  composition.  At  half-pa.st  5  A.M.  a  small  glimmering  in  the  south  and  south-east 
resembling  the  appearance  of  daylight,  but  did  not  last  10  minutes  before  the  atmosphere  was  completely 
obscured  again,  and  the  darkness  more  intense,  if  that  was  possible.  At  half-past  6  A.M.  heavy  fall  of 
ashes,  with  light  breezes  and  a  hollow,  low,  undulating  noise  to  the  northward ;  expecting  an  earthcpake, 
quitted  the  house  and  retired  to  a  wattled  negro  hut.  From  6  to  8  A.iM.  light  breezes,  with  squalls  of 
ashes  and  rain  of  the  same  description  and  duration  as  mentioned  before.  During  these  last  two  hours 
meteors  resembling  globes  of  fire,  about  the  size  of  a  13-inch  shell,  appeared  in  the  north-east  and  north- 
north-east,  to  the  amount  of  10  or  12,  crossing  each  other  in  every  direction,  occasionally  appearing  and 
disappearing  for  the  space  of  an  hour  and  a  half  so  incessant  a  falling  of  ashes  as  to  render  it  impossible 
to  face  the  eastward.  At  9  A.Bi.  the  sky  to  the  northward  assumed  a  purple  torrid  aj^pearance,  greatly 
resembling  a  vast  town  at  a  distance  on  fire,  accompanied  by  a  tremulous  motion  resembling  the  Aurora 
Borealis.  The  horrid  glare  of  this  sky  made  the  surrounding  darkness  more  awfully  dreadful ;  the  sky  to 
the  southward,  in  the  direction  towards  Bridgetown,  had  occasionally  the  same  colour,  only  the  tinge  much 
fainter,  attended  with  no  motion.  The  sky  never  approached  in  any  direction  by  my  calculation  nearer 
than  7  miles ;  as  I  have  no  data  to  go  on  this  is  a  mere  matter  of  conjecture.  From  9  a.m.  to  12  at  noon 
light  breezes  and  constant  and  heavy  fall  of  ashes.  At  10  A.M.  a  large  flight  of  birds  passed  over  the 
hut,  flying  so  very  low  that  the  fluttering  of  their  wings  was  distinctly  heard ;  the  notes  of  these  birds 
resemlfled  the  yelping  of  puiqfies.  When  daylight  took  place  they  proved  to  be  marine  birds,  called  men- 
of-war  and  cobblers,  so  loaded  with  ashes  they  could  scarcely  raise  themselves  from  the  ground.  At  a 
quarter  past  12  daylight  appeared  immediately  over  our  heads  ;  half -past  12  the  form  of  the  sun,  obscured 
in  clouds  in  the  same  place.  At  1  p.m.  daylight ;  returned  to  my  own  house.  From  1  a.m.  to  half-past 
12  P.M.  the  wind  east  to  east-north-east ;  1a.m.  light  gentle  breezes  never  vaiying  above  two  point, s,  but 
fluctuating  between  both,  the  wind  dying  away  nearly  to  calm,  but  never  perfectly  a  calm.  This  may  be 
.said  to  be  the  state  of  the  weather  during  the  whole  12  hours  of  total  darkness,  except  when  interrupted 
l)y  the  momentary  squall  of  sand  and  ashes.  The  darkness  was  so  impenetrable  that,  with  the  exception 
of  the  light  that  was  visible  in  the  south  and  south-east  at  5  A.M.,  at  no  period  could  anything  be  discerned 
even  within  reach.  From  three  admeasurements  taken  in  the  lowest  places  the  fall  of  ashes  was  an  inch 
and  a  half.  AVhen  I  left  the  house  the  thermometer  was  70’,  when  I  returned  at  70'’;  as  I  left  the 
instrument  behind  I  know  not  what  variation  might  have  taken  place  in  my  absence.  The  other 

*  ‘  The  History  of  Barbados,’  by  Sir  Robert  H.  Schomburgk,  1848,  p.  72. 

— A.  3  P 


VOL.  CO. 


474 


DRS.  T.  ANDERSON  AND  J.  S.  FLEET  ON  THE  ERUPTIONS  OF  THE 


observations  were  made  with  my  own  eyes,  and  the  watc4i  in  my  hand.  It  will  be  obsem'ed  the  first  two 
hours  the  sand  was  small  in  quantity  and  coarse  in  its  nature,  but  the  last  10  hours  were  ashes,  reduced  to 
an  impalpable  powder,  and  sublimated  to  the  highest  degree.  That  it  is  a  calcined  matter  strongly 
impregnated  with  nitre  and  ferruginous  particles  does  not  admit  of  a  doubt,  if  examined  through  a  good 
microscope;  and  that  it  has  come  from  the  eastward  may  be  supposed  from  its  involving  in  its  mass  the 
men-of-war  birds,  which  are  generally  found  about  60  miles  to  the  east  end  of  the  island,  seldom 
approaching  nearer.  From  1  p.m.  to  6  the  fall  of  the  ashes  began  to  decrease  ;  at  6  P.M.  ceased  altogether. 
At  no  period  of  the  day  did  the  light  amount  to  more  than  a  dull  twilight,  and  at  5  p.m.  the  day  closed 
altogether,  and  darkness  succeeded  mitil  the  morning.” 

According  to  the  contemporary  account  already  quoted  (p.  464),  it  tvas  shortly  after 
7  P.M.  that  the  “  lava  ”  overflowed  the  north-west  side  of  the  crater,  and  about  that 
time  the  noises  from  the  mountain  were  very  loud.  These  repoi'ts,  apparently,  were 
not  heard  at  Barbados,  or,  if  heard,  were  mistaken  for  thunder.  About  half-past  one 
another  overflow  took  place  on  the  soutlj  side,  towards  the  valleys  of  the  Babaka  and 
Walli1)u,  and  the  detonations  which  attended  this  outburst  were  heard  in  Barbados 
at  two  in  the  morning,  accoixling  to  the  diary.  i\.shes  were  falling  in  small  quantity 
between  2  o’clock  and  6  o’clock  ;  tliere  was  much  lightning,  hut  it  was  not  very  dark. 
When  the  day  l)roke  there  was  a  thick  mist  of  falling  dust,  and  at  half-past  six  there 
was  a  considerable  increase  in  tlie  rain  of  ashes.  This  means,  probably,  that  the 
material  ejected  Ijy  the  great  outburst  at  2  a.m.  had  taken  four  hours  and  a  half  to 
reach  Barbados,  a  distance  of  99  miles.  This  year  the  main  explosion  was  appi’oxi- 
mately  at  two  in  the  afternoon,  and  the  dust  was  falling  freely  in  Barbados  at 
half-past  five,  having  taken  only  three  and  a  half  hours  on  its  journey. 

In  1812  ash  began  to  fall  “  between  2  a.m.  and  6  a.m.,”  fell  freely  from  6  a.m.  to 
1  P.M.,  and  ceased  altogether  about  6  p.m.,  a  duration  of  somewhat  over  12  hours.  In 
1902  ash  began  to  fall  about  5  o’clock,  and  continued  till  daybreak  next  day,  or 
approximately  12  hours  also.  In  1812  it  fell  mostly  in  the  day  ;  this  time  mostly 
through  the  night.  The  weather  was  dry  this  year,  and  the  dust  formed  a  fine,  dry 
powder  easily  blown  about  by  the  wind;  in  1812  there  were  frequent  heavy  showers, 
and  much  of  the  ash  fell  wet.  Otherwise  the  tw'o  records  are  as  similar  as  could 
M  ell  have  been  expected. 

Another  account  of  the  rain  of  ashes  in  Bai'bados  in  Mav,  1812,  has  come  down 
to  US  in  the  form  of  a  private  letter  from  a  gentleman  of  St.  George’s  parish  to 
a  correspondent  in  Great  Britain.  It  is  less  precise  and  full  of  details  than  that  just 
quoted,  and  was  printed  in  Tullocii’s  ‘Philosophical  Magazine’  of  the  year  1812 

(p-  O). 

In  the  morning  at  lialf-past  six,  when  it  should  have  1jeen  bright  daylight  and  the 
sun  above  the  horizon,  he  was  astonished  to  find  that  it  was  still  so  dark  that  he 
could  only  comj)are  it  to  moonlight  on  a  night  when  the  moon  is  at  times  clear  and 
at  times  obscured  by  cloud.  He  had  not  heard  the  detonations  about  2  o’clock  in 
the  morning,  though  they  had  led  to  a  general  opinion  that  an  engagement  between 
British  and  I’l'ench  ships  of  ^yixv  had  taken  place  somev  here  in  the  neighijouiing  seas. 
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and  preparations  had  been  made  among  the  troops  to  repel  attack.  Thick  clouds 
covered  the  sky  except  near  the  southern  horizon,  where  a  bright  light  shone  through 
a  thin  cloud-veil.  The  morning  was  still  and  calm,  and  the  appearance  of  slcy  and 
air  so  unusual  that  he  was  apprehensive  of  an  impending  catastrophe,  and  hastened 
to  the  house  of  some  friends.  B}’-  7  o’clock  it  was  much  darker,  at  half-past 
seven  candles  were  required ;  by  eight  it  was  pitch  dark — “  so  dark  that  we  could 
not  perceive  our  hands  when  held  up  Ijefore  our  faces  at  two  feet  distance.”  This 
continued  till  12.25  P.M.,  when  the  light  returned  and  rapidly  increased  till  near 
objects  could  accurately  be  perceived.  About  3  or  4  o’clock  the  light  was  fairly 
good,  hut  the  air  hazy.  Fine  ashes  fell  all  day  till  8  o’clock  at  night. 

“  In  order  to  ascertain  the  quantity  vhicli  had  fallen,  Air.  H.  last  night  took  up  that  vhich  lay  upon 
a  foot  square,  when  it  measi;red  three  pints  somewhat  pressed  into  the  measure,  and  weighed  1|  lb. 

“  This  morning  another  square  foot,  where  the  surface  was  hard  and  level,  gave,  in  f  inch  and  4  iuch  in 
depth,  three  pints  loosely  filled  up  in  measure,  and  1  lb.  74  ozs.  in  weight. 

“  Against  the  bottoms  of  windows,  doors,  and  walls  it  was  considerably  deeper.  But  assuming  the 
product  of  my  experiment  as  the  medium  quantity  which  fell  on  a  foot  square  throughout  the  island, 
and  estimating  from  our  best  maps  the  quantity  of  land  in  the  island  at  106,470  acres,  the  total  quantity 
of  this  extraneous  substance  which  is  now  on  its  surface,  independent  of  that  which  is  on  the  trees,  could 
not  be  less  than  1,739,187,750  gallons  wine  measure,  or  6,811,817,512  lb.  avoirdupois.” 

According  to  tbi.s  estimate,  a  total  of  al)oiit  3,000,000  tons  fell  on  the  surface  of 
Barbados,  whicli  is  nearly  twice  that  estimated  to  have  fallen  this  year.  Although 
both  accounts  differ  somewhat  in  respect  of  tliis  point,  they  agree  in  making  the  fall 
of  ashes  greater  than  it  was  in  May,  1902,  ljut  it  is  very  doubtful  if  the  old  estimates 
are  anything  like  as  accurate  as  the  modern  ones. 

Further  Activity  in  1814  and  in  1880. 

It  is  generally  supposed  that  in  1812  tlie  Soufrim’e  harl  relapsed  into  repose,  and 
that  the  lake  whicli  has  occupied  its  crater  since  the  last  great  eruption  has  l^een 
undisturbed  by  volcanic  emissions  till  the  beginning  of  this  year.  But  tliere  is  good 
evidence  that  this  is  not  altogether  the  case,  and  we  are  indebted  to  Dr.  Nicholls, 
O.M.G.,  of  Dominica,  a  gentleman  who  has  done  much  for  the  advance  of  scientific 
knowledge  regarding  the  Caribbean  Islands,  for  bringing  to  our  notice  a  most 
interesting  correspondence  which  appeared  in  the  ‘Trinidad  Chronicle’  in  1880. 
Had  his  quick  eye  not  detected  its  importance  at  the  time,  and  had  he  not  carefully 
preserved  it,  we  should  certainly  have  missed  it  altogether.  Inquiries  made  at  the 
Colonial  Office  showed  that  there  was  no  mention  of  volcanic  activity,  on  the  dates 
mentioned,  in  the  official  papers  and  despatches. 

It  seems  that  in  September,  1880,  reports  reached  Trinidad  that  apprehension  was 
being  felt  in  St.  Vincent  regarding  the  state  of  the  Soufriere,  and  that  an  eruption 
was  feared.  On  September  28th  the  following  letter  was  printed  in  the  ‘  Trinidad 
Chronicle  ’ : — ■ 
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“  The  Sovfri'ere  at  St.  Vincent. 

“To  the  Editor, 

“  ‘  Trinidad  Chronic-le.’ 

“  Dear  Sir, 

“  I  obserA'e  that,  in  noticing  what  the  fears  of  those  who  dwell  in  the  vicinity  of  the  Soiifriere  in 
St.  Vincent  lead  them  to  regard  as  possible  signs  of  a  coming  eruption,  you  state  that  the  volcano  has 
l)een  quiescent  since  the  great  eruption  in  1812.  This  is  not  quite  correct.  There  was  the  small  eruption 
of  1814,  of  which  I  have  a  manuscript  account  by  an  e3’e-witness.  This  has  never  been  published.  I 
think  a  few  extracts  from  it  may  not  be  uninteresting  to  j^our  readers  : — 

“  ‘  On  Sunday,  January  9th,  1814,  about  1  o’clock  P.M.,  I  obserA^ed  a  cloud  of  smoke  issuing  from  the 
Soufriere.  A  part  appeared  to  roll  down  the  side  of  the  mountain  towards  "Wallibu ;  and  a  large  coliunn 
shot  ujiright  to  a  great  height.  It  continued  to  rise  for  upAvards  of  half  an  hour,  when  it  was  detached 
from  the  mountain  and  proceeded  in  a  compact  liody  in  a  direction  nearly  ojAposite  to  that  of  the  (lower 
stratum  of)  Avind  at  the  time.  At  about  5  o’clock  it  had  reached  the  horizon,  and  before  six  had  entirely 
disapjDeared.  During  its  passage  overhead  the  heat  Avas  excessive,  but  I  had  no  thermometer  to  ascertain 
its  deoTee. 

C* 

“  ‘  The  erujrtion  AA'as  preceded  by  loud  noises  ....  like  the  discharge  of  distant  artillery . It 

wa.s  preceded  by  a  seA^ere  earthquake.  Dr.  ,  aaEo  Avas  in  a  faAmurable  position  for  obserA’ing  the 

craters,  not  onljr  remarked  an  intense  light  to  issue  from  them,  but  saAv  rocks  throAAm  to  a  great  height, 
AA’hich  seemed  to  fall  back  into  them.  All  appearing  quiet  on  hlonday  and  Tuesday,  the  craters  were 
Ausited  on  Wednesday.  The  eruption  proved  to  have  been  from  the  old  crater.  Large  rocks  had  been 
ejected  to  considerable  distances,  some  haAung  been  found  a  quarter  of  a  mile  from  the  edge  of  the  crater, 
AA’hich  is  streAved  AAuth  them.  There  is  little  alteration  in  the  appearance  of  the  crater,  but  the  water  in  it 
is  boiling  Avith  great  A'iolence.  The  neAv  crater  remains  unaltered.  The  rocks  around  are  shattered  in 

seA^eral  places.  One  of  these  fractures  is  A’ery  large . Many  of  the  pieces  which  have  been  ejected 

.  .  .  .  are  entirely  unaltered  by  fire  ....  but  many  have  been  eAudently  acted  upon  and  altered  by  fire, 

but  none  retained  anj"  heat . Amongst  others  Avas  a  curious  specimen  of  AA’hat  I  obserA^ed  after  the 

great  eruption.  It  hcas  the  colour  and  someAvhat  the  appearance  of  dry  sponge,  but  is  very  friable,  and 
seems  prin equally  comjiosed  of  slender  glass-like  filaments,  slightly  connected,  and  enclosing  numerous 
pieces  of  spar  and  other  mineral  substances.’ 

“  I  may  mention  that  a  correspondent  of  mine  states,  in  addition  to  the  particulars  which  you  quote 
from  your  correspondent’s  letter,  that  all  the  beautiful  A'egetation,  AAdnch  for  60  years  has  adorned  the 
slojiing  sides  of  the  old  crater,  and  has  always  been  such  a  remarkable  feature  in  the  scene,  has  been 
destroyed,  burnt  up  as  if  by  fire,  it  is  supposed  by  volumes  of  gas,  Avhich  have  rolled  round  the  crater  and 
OA^erlapping  its  edge  liaAm  rolled  some  Avay  doAvn  the  leeAAmrd  side  of  the  mountain  and  there,  likeAvise, 
destroyed  the  vegetation.  IMountain  pigeons  and  some  other  birds  are  commonlj"  seen  on  the  heights — 
these  seem  to  haA^e  forsaken  the  dangerous  neighbourhood,  and  the  melodious  notes  of  the  mysterious,  and 
as  po^mlarlv  belieA’ed  invisible,  Soufriere  bird  are  no  longer  heard. 

“  (Signed)  H. 

“  SejSember  2Sth,  1880.” 

The  note.s  by  an  eye-\vitness  of  tJie  eruption  of  1814,  contained  in  this  letter,  are 
so  explicit  and  carefully  Avorded  that  there  can  be  little  doubt  that  they  describe  a 
real  occurrence,  and  not  merely  those  deceitful  shapes  assumed  by  the  drifting  trade- 
Avind  cloud  Avhich  frequently  mislead  superficial  obserAmrs,  and  start  the  propagation 
of  baseless  rumours  of  eruptions.  But  it  is  quite  improbable  that  any  considerable 
disturbance  took  place,  or  that  any  great  activity  AA'as  manifested.  AVe  note 
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especially  the  absence  of  the  premonitory  symptoms  which  invariably  at  the  Soufriere 
have  preceded  any  resumption  of  volcanic  action,  and  as  the  crater  had  then  been 
quiescent  for  eighteen  months  (since  June,  1812),  it  is  unlikely  that  any  violent 
eruption  should  have  broken  out  without  giving  warning  beforehand.  It  is  a 
rule,  to  which  we  know  of  no  exceptions,  that  the  longer  the  period  of  quiescence  at 
the  Soufriere,  the  more  marked  are  the  disturbances  and  earthquakes  which  are 
observed  before  an  eruption.  The  outburst  of  May  18th  this  year  gave  apparently 
no  warning,  though  of  this  we  cannot  be.  quite  certain,  as  it  took  place  after  dark  ; 
before  all  the  others,  earthquakes  have  been  numerous,  violent,  and  continued. 

It  is  said  that  a  steam  column  shot  upwards  from  the  crater  and,  reaching  the 
higher  currents  of  the  air,  floated  away  on  the  anti-trades.  It  spread  out  to  form  a 
cloud  which,  as  the  emission  was  brief,  was  soon  separated  from  its  parent  stem  and, 
having  become  detached,  was  Ijorne  away  to  the  horizon.  There  Is  no  description  of 
any  rain  of  ashes,  but  a  few  days  afterwards  large  stones  were  found  lying  around 
the  old  crater,  some  of  them  several  hundred  yards  from  the  rim.  As  by  that  time 
a  covering  of  green  vegetation  had  probably  formed  in  some  part  of  the  upper  sloj^es, 
which  had  been  devastated  two  years  before — -though  Mr.  Anderson,  in  1784, 
describes  them  as  quite  barren  and  stony — and  as  the  oljserver  was  resident  near  and 
well  acquainted  with  the  volcano,  there  is  not  much  chance  of  his  having  been  in 
error  on  this  point.  Their  distribution  led  to  the  iDelief  that  it  was  from  the  old 
crater  the  steam  arose,  which  is  quite  likely,  as  undoubtedly  that  crater  had  taken 
the  chief  part  in  the  eruption  of  1812,  and  had  discharged  the  great  masses  of  sand 
which  blocked  the  Wallibu  and  Rabaka  Valleys,  and  were  accompanied  by  the  loud 
detonations  that  awakened  alarm  in  Barbados. 

This  description  of  the  steam  cloud,  “  part  of  which  rolled  down  the  side  of  the 
mountain,”  is  curiously  reminiscent  of  the  behaviour  of  the  great  black  cloud.  But 
it  is  in  no  way  probable  that  this  phenomenon  appeared  on  this  occasion.  It  has 
never  been  known,  except  in  the  major  eruptions,,  and  had  an  avalanche  of  dust  rolled 
down  the  hillside  it  would  have  left  traces  visible  wlien  tlie  mountain  was  again 
visited  three  days  afterwards,  and  too  obvious  to  have  been  overlooked.  Moreover, 
we  are  told  that  the  water  was  still  left  in  tlie  crater,  and  little  change  was  to  be 
perceived  in  the  aspect  of  the  interior.  Now  the  great  black  cloud  never  appears  till 
after  the  crater  lakes  are  emptied,  and  the  ascending  column  of  lava  has  forced  its 
way  to  the  surface. 

In  all  probability  this  was  merely  an  exacerbation  ol  solfataric  activity,  such  as  has 
been  experienced  by  more  than  one  of  the  Soufrieres  of  the  Windward  Islands,  and 
after  the  emission  of  a  great  mass  of  vapour  and  sulphurous  gases  the  short-lived 
eruption  came  to  an  end.  Such  an  emission  would  carry  with  it  many  stones  from 
the  bottom  of  the  crater  lake,  would  blast  any  vegetation  growing  within  the  crater, 
produce  minor  changes  in  some  part  of  the  crater  walls,  and  project  into  the  air  a 
column  of  mud  and  dense  muddy  vapours  which  would  fall  partly  outside  the  lip  and 
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flow  for  a  short  distance  down  the  slopes,  giving  rise  to  clouds  of  steam  as  it  coursed 
over  the  surface.  The  discharge  of  steam  thereafter  for  some  time  would  keep  the 
crater  lake  in  a  state  of  furious  ebullition. 

Apparently  again,  in  1880,  a  considerably  increased  production  of  .sulphuretted 
hydrogen  had  killed  the  growing  hush  within  the  crater.  This  is  a  not  uncommon 
phenomenon  around  the  Soufrieres  of  Dominica  and  St.  Lucia,  where  every  increase 
or  diminution  in  the  amount  of  the  poisonous  gases  emitted  is  attended  by  a  widening 
or  contraction  of  the  surrounding  region  in  .which  the  vegetation  has  been  killed,  and 
the  blackened,  blasted  stems  of  trees  scattered  through  the  green  forest  are  the 
standing  witnesses  of  epochs  during  which  the  noxious  fames  were  able  to  incre-ase 
the  area  over  which  they  had  control,  but  which  they  were  unable  permanently  to 
dominate. 

THE  SOUFRIEEE  AND  MONTAGNE  PELEE. 
n  eir  Resemblances  and  their  Differences. 

It  is  not  possible  at  the  present  juncture  for  us  to  give  more  than  the  main  points 
of  similaritv  and  of  difference  in  these  two  mountains,  and  the  features  of  their  activitv. 
Our  own  visit  to  Martinicjue  was  short,  and  was  brought  to  an  unexpected  termination 
by  the  eruption  of  July  9th.  Smaller  outhur.sts  followed  during  the  next  two  days, 
and  neither  was  it  safe  to  work  on  the  mountain  slopes,  nor  could  porters  be  obtained 
in  Carhet,  which  had  been  deserted  on  the  night  of  July  9th,  who  would  undertake 
the  ascent.  We  had,  indeed,  planned  an  excursion  to  the  southern  lip  of  the  crater  on 
the  day  after  the  eruption  (July  10th),  hut  all  the  arrangements  we  had  made  were 
nullified  Ijy  the  sudden  increase  of  volcanic  activit}"  on  the  previous  evening,  and 
withcut  much  delay  it  woidd  have  been  impossible  to  make  an  examination  of  the 
upper  slopes  tliat  face  St.  Pierre.  We  had,  Iiowever,  spent  two  days  in  rhe  ruined 
city,  and  examined  tlm  desolation  wrought  in  tlie  historic  catastrophe  which  over¬ 
whelmed  it,  and  had  made  a  more  or  less  cursory  inspection  of  the  lower  fringes  of  the 
volcano  and  the  fields  and  bluffs  around  the  town.  But  there  were  many  points  of 
great  importance  into  which  we  had  not  had  time  to  enter.  To  Professor  Laceoix,  of 
the  Scientific  Expedition  sent  by  the  Academie  des  Sciences  of  Paris,  we  are  indebted 
for  much  valuaUe  information,  and  for  his  kind  offices  with  the  officials  and  others  in 
the  island  of  Martinique.  His  preliminary  account  of  the  re.sults  of  his  first  visit  to 
the  scenes  of  the  eruption^  has  furnished  us  with  additional  details.  In  Fort  de  France 
we  had  the  privilege  of  renewing  our  friendship  with  Professor  Jaggar,  of  Harvard, 
whom  we  had  previously  met  in  Barbados,  and  he  and  Mr.  Rost,  photographer  to  the 
United  States  Geological  Survey,  discussed  with  us  most  frankly  the  results  of  their 
observations,  and  the  conclusions  to  which  they  had  been  led. 

Much  has  already  been  written  on  the  great  eruption  of  Pelee,  and  the  havoc  it 
vu’ought  in  St.  Pierre,  but  mostly  from  a  popular  point  of  view,  and  without  reference 

*  ‘  Comptes  Eendus,’  vols.  cxxxiv.  and  cxxxv. 
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to  the  causes  which  underlie  the  phenomena.  Articles  of  more  permanent  value  have 
appeared  also  in  certain  magazines  and  scientific  periodicals,  hut  perhaps  we  are  rig] it 
in  saying  that  the  geological  history  of  that  catastrophe  has  yet  to  he  penned,  and  as 
more  than  one  party  of  scientilic  men  have  addressed  themselves  to  the  task,  there 
should  be  available,  in  no  great  lapse  of  time,  the  results  of  careful  and  thorough 
examination  of  all  the  effects  of  the  eruption,  with  a  judicious  and  critical  digest  of  the 
evidence  of  what  actually  took  place  on  the  fatal  moining  of  May  8th.  We  are  well 
aware  that  much  of  what  has  been  published  is  cpiite  untrustworthy,  and  unsuited  for 
scientific  discussion,  and  we  will  rely  mostly  on  the  results  of  our  own  observation, 
and  on  information  given  us  by  Professor  Lacroix  and  Professor  Jaggar,  but  we 
have  also  made  more  or  less  use  of  the  articles  whicli  have  appeared  in  the  newspapers 
of  Guadeloupe,  Martinique,  Barbados,  Trinidad,  and  in  the  English  journals,  and  ol 
the  reports  by  Professor  R.  T.  Hill  and  Professor  Israel  Russell  to  the  National 
Geographic  Society  of  the  United  States,  and  their  articles  in  the  ‘  Century 
Magazine.’  * 

The  resemblance  betAveen  Pelee  and  the  Soufriere  in  their  geological  relationships 
is  so  striking  that  it  cannot  fail  to  impress  the  most  casual  observer.  Each  stands  at 
the  northern  end  of  its  respective  island,  an  isolated  volcanic  cone,  bearing  a  summit 
crater  or  craters,  and  with  its  skirts  descending  to  the  sea  on  all  sides  except  the 
south.  Here  in  each  case  there  is  a  broad,  fiat  depression,  more  marked  in 
St.  Vincent  than  in  Martinique,  on  the  south  side  of  Avhich  rises  another  volcano,  or 
group  of  volcanoes,  extinct,  highly  eroded,  hut  still  hearing  in  its  internal  structure, 
and  less  obviously  in  its  external  configuration,  the  proofs  of  its  origin.  The  Piton  de 
Carhet,  which  lies  to  the  south  of  Pelee,  has  not  been  in  eruption  since  the  European 
colonisation  of  Martinique ;  but  its  cratei',  though  partly  destroyed,  is  not  yet 
completely  effaced  by  erosion,  and  like  its  analogue,  the  Morne  Garu  at  St.  Vincent, 
it  seems  to  have  been  the  last  volcano  in  the  island  wdiich  has  died  out  and  become 
extinct. 

In  both  islands  the  older  volcanic  piles  lie  in  the  soutli  end,  which  consists  mainly 
of  lavas  and  agglomerates  emitted  Ifom  foci  which  liave  long  since  passed  into  inpose. 
The  lavas  am  andesitic,  and  alternate  with  vast  sheets  of  coarse  agglomerate, 
wdiich  testify  to  the  frequency  and  violence  with  which  explosive  action  took  place 
A\Ren  activity  was  at  its  maximum  along  the  Caribbean  chain.  The  epeirogenetic 
movements  which  have  affected  this  border  lidge  betw^een  two  oceans  have  left  their 
marks  in  the  raised  beaches  which  are  found  along  the  shores  of  both  islands,  and  the 
same  conditions  of  accumulation  and  uplift,  with  intense  and  mpid  eiosion  on  stee}) 
slopes  attacked  by  troiiical  climates  and  tropical  rainfall,  have  in  each  case  resulted  in 
deep  sculpturing  by  the  agencies  of  subaerial  denudation.  The  ravines  of  Pelee  have 

*  R.  T.  Hill,  “A  Study  of  Pelee,”  ‘Century  Magazine,’  September,  1902,  vol.  Ixiv.,  761. 
IsiiAEL  C.  Russell,  “  Pheses  of  tlie  AVest  Tndian  Eruptions,”  ‘Century  Magazine',’  September,  1902, 
vol.  Ixiv.,  p.  786. 
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all  tlie  depth  and  picturesqiieness  of  those  of  the  Soufriere,  and  where  the  volcanic 
blasts  have  withemd  up  and  swept  away  the  vegetation,  the  same  general  resemblaiice 
to  the  rugged,  naked  canons  of  the  western  American  desert  country  is  seen  in  both 
cases."'  Vertical  clitfs  of  lava  alternate  with  sloping  taluses  of  ash  ;  every  variation 
in  the  underground  structure  is  reflected  in  the  contours  of  the  surface,  and  where  , 
the  rich  Antillean  forest  clothes  the  eroded  surface,  the  beauty  of  the  landscapes  and 
the  variety  of  colour  lend  a  striking  charm  to  the  distant  hills  and  the  highly- 
cultivated  shores. 

In  both  mountains  the  conical  volcanic  form  is  well  exhibited,  though  scored 
with  deep  radial  ravines.  Pelee  is  4428  feet  high,  while  the  Somma  rim  of  the 
Simfriere  is  4050,  but  had  the  latter  mountain  not  lost  by  some  great  explosion  the 
upper  pait  of  its  cone,  it  would  pi'obably  have  been  someAvhat  the  more  lofty  of  the 
tw(r  In  each  case  the  diameter  of  the  cone  at  sea  level  is  almost  8  miles,  and  the 
restless  action  of  the  waves  has  eaten  back  the  land,  and  formed  ranges  of  lofty  cliffs 
vliich  face  the  ocean. 

At  the  summit  of  the  Soufriere  we  ha\  e  a  concentric  structure — a  crater  within  a 
crater.  The  gi'eat  convulsion  during  which  the  huge  Somma  crater  t  of  the  mountain 
was  produced,  antedates  authentic  histor3^  The  lower  lip  of  this  great  “caldera”  must 
have  been  the  sonthei'ii,  near  which  the  main  crater  of  the  present  day  stands,  and 
this  in  turn  bears  on  its  north-east  side  another  smaller  parasitic  vent  (that  of  1812). 
Pelee  had  at  its  apex  a  single  small  crater  surrounded  by  a  serrate  range  of  cliffs  some 
200  feet  high  or  less,  and  in  the  bowl-shaped  depression  lay  a  little  lake,  the  Lac  des 
Palmistes,  150  metres  in  circumference.  But  on  Pelee  were  nmnerons  lateral  orifices, 
the  parent  sources  of  “  soufrieres  ”  and  hot  springs,  one  of  which,  at  Ajoupa  Bouillon, 
has  since  attained  notoriety  as  the  focus  of  a  minor  eruption  on  September  3rd,  1902. 
Another  laj"  near  the  goi'ge  of  the  Biviere  Seche  to  the  south  of  the  summit  ;  it  emitted 
steam  and  sulphuretted  liydrogen,  and  around  it  the  I'ocks  were  decomposed  by  acids 
and  often  crusted  over  with  sulphur.  This  wos  surrounded  l)y  higli  cliffs,  and  was 
very  rarelj^  visited,  but  from  near  the  top  of  the  moimtain  a  view  might  sometimes  be 
oljtained  of  its  interioi'.  It  lay  apparently  on  one  side  of  the  canon,  and  trom  the 
descriptions  (jf  it  which  we  have  received  must  have  closely  resembled  many  of  the 
soufrieres  of  Dominica. 

This  Soufriere  has  now  assumed  a  new  impoi'tance,  for,  according  to  some  accounts, 
it  w'as  from  it  that  lose  the  cloud  of  suffocating  gases  and  red-hot  dust  which  laid 
the  fair  city  on  the  shore  below  in  ruin  and  ashes.  When  we  were  at  St.  Pierre 
great  toweling  balloon-shaped  steam  clouds  would  freqneiitl}^  ascend  from  the  neigh- 

*  Tejipest  x4ndekson  and  John  S.  Flett,  “Preliminary  Report  on  the  Recent  Eruirtion  of  the 
Soufriere  in  St.  Vincent,”  ‘Proc.  Roy.  Soc.,’  vol.  Ixx.,  p.  11,  1902. 

t  Mr.  R.  C.  Hill  suggests  (‘  National  Geographic  Magazine,’  vol.  xiii.,  p.  233)  that  the  upper  part 
of  the  mountain  was  blown  away  in  the  eruption  of  1718.  Mr.  Anderson’s  description  of  the  crater 
as  it  was  in  1784  disproves  this. 
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boiirhood  of  the  fissure  in  this  gorge,  and,  as  will  be  seen  later,  it  bad  still  not  lost 
its  virulence  and  destructive  energy. 

The  Lac  des  Palmistes  is  now  filled  with  hot  stones  and  sand  to  within  a  few  feet 
of  the  lip,  and  the  present  crater  lies  to  the  south-west  of  it,  apparently  on  the  site 
of  the  former  Soufriere,  which  has  been  much  enlarged,  and  a  great  fissure  has  been 
opened  on  its  southern  lip. 

The  Eruptions  of  Pelee. 

The  only  previous  eruj^tion  of  Pelee  of  which  there  is  historic  record  is  that  ol 
1851,  which  appears  to  have  been  brief  and  abortive.  A  few  mud-flows  in  the  rivers, 
a  discharge  of  steam  and  a  fine  ashy  dust,  and  the  volcano  relapsed  into  quiescence  for 
another  50  years.  The  earlier  stages  of  the  eruption  of  this  year  were  of  a  precisely 
similar  character,  and  this  was  one  of  the  causes  which  lulled  the  suspicions  of  the 
inhabitants  of  St.  Pierre,  and  inspired  them  with  a  fatal  feeling  of  security.  The 
premonitory  earthquakes,  so  frequent  always  at  the  Soufriere,  where  they  have 
heralded  the  outburst  of  every  eruption,  and  prepared  the  minds  of  the  inhabitants  for 
the  apj)roaching  paroxysm,  were  apparently  practically  absent  in  Martinique,  and 
although  there  are  records  of  a  few  small  shocks,  we  are  not  aware  that  they  were 
numerous  or  disquieting.  But  at  Pelee  there  was  a  long  preliminary  phase  leading 
up  to  the  crisis.  Steam  was  seen  to  ascend  from  the  crater  about  April  23rd,  or  a 
fortnight  befoi'e  the  culmination  of  the  eruption.  At  first  the  activity  was  so  gentle 
that  it  awakened  only  curiosity,  and  several  people  made  ascents  and  reported  that 

9 

both  the  upper  and  the  lower  Etangs  were  boiling  and  giving  out  much  steam.  But 
day  by  day  the  violence  increased,  and  by  May  2nd  a  good  deal  of  apprehension  was 
felt  in  St.  Pierre,  and  some  were  meditating  flight.  That  night  there  was  great 
activity  in  the  craters,  loud  noises  were  heard,  and  over  the  mountain  toj)  a  bright 
glare  was  visible.  The  ashes  were  wafted  by  the  wind  over  St.  Pierre  and  Precheur, 
and  next  morning  these  were  covered  with  a  layer  of  light  grey  dust.  The  crops 
were  blighted,  the  cattle  starving  for  want  of  water  and  of  food ;  the  people  from  the 
country  began  to  flock  into  town.  The  noises  and  the  rain  of  cinders  and  of  dust 
continued  more  or  less  intermittently  from  that  time  onward. 

The  rivers  descending  to  the  south-west  from  the  summit  had  already  become 
muddy  on  more  than  one  occasion,  but  on  the  5th  a  great  flow  of  hot  mud  poured 
down  the  Riviere  Blanche  with  great  rapidity  and  overwhelmed  the  Usine  Guerin, 
killing  many  peoj^le.  At  the  same  time  there  was  a  •  small  sea  wave  which  did  no 
damage.  This  mud-flow  was  apparently  the  waters  in  the  Etang  Sec  which  had 
escaped  through  some  fissure  on  the  south  side  of  the  peak,  driven  out  by  the 
ascending  column  of  lava  and  the  constantly  increasing  pressure  of  the  gases  wuthin 
the  volcano.  Next  day  the  streams  were  still  torrents  of  mud,  and  the  harbour  of 
St.  Pierre  was  covered  with  floating  trees  and  the  wreckage  of  bridges  and  other 
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structures  swept  away  by  the  floods.  No  better  instance  could  be  cited  of  the 
difference  between  Pelee  and  the  Soufriere  in  the  rapidity  with  which  the  crisis  of 
the  eruption  came  than  this  : — in  Martinique  the  discharge  of  the  crater  lake  took 
place  four  days  before  the  climax  arrived  ;  at  St.  Vincent  the  first  overflows  were 
seen  only  three  hours  before  the  avalanche  of  dust  swept  down  the  mountain  slopes. 

From  May  2nd  onwards,  no  doubt  remained  that  the  volcano  had  resumed  activity, 
and  as  each  day  passed  the  outlook  became  more  threatening,  the  discharges  of  steam 
more  violent,  the  detonations  louder,  and  the  rains  of  ashes  more  frequent  and  heavier. 
On  the  4th  the  cloud  of  dust  was  so  thick  over  the  leeward  side  of  the  mountain  that 
the  steamer  “Topaze”  could  not  call  at  Precheur.  The  ash  was  very  fine  and  light 
grey,  resembling  cement  or  flour,  and  covered  the  trees  and  shrubs  as  if  there  had 
been  a  light  fall  of  snow.  Animals  were  dying  of  thirst  and  hunger  ;  birds,  overcome 
Ijy  the  fumes,  or  weighted  down  by  the  dust  on  their  plumage,  were  lying  dead  by  the 
sides  of  the  paths ;  the  crops  were  withering,  and  the  outlying  districts  already 
abandoned  and  deserted.  On  the  6th,  and  again  on  the  7th,  loud  noises  rose  from 
the  crater,  aiid  the  red  glare  was  visible  in  the  steam  cloud.  But  as  yet  no 
earthquakes ;  even  though  a  rift  could  now  be  seen  to  have  opened  at  the  base  of* 
Morne  Lacroix. 

Wednesday,  May  7th,  the  day  of  the  great  eruption  of  the  Soufriere,  was  not 
marked  by  any  special  features  in  Martinique."^  That  day  the  mountain  was,  in  fact, 
rather  less  violent  than  it  had  been  on  the  6th  ;  but  on  the  following  morning,  at 
7.50,  the  great  convulsion  came,  and  with  it  the  end  of  all  things  for  St.  Pierre. 

So  deadly  was  the  blast  that  swept  the  city,  so  awful  in  its  completeness  the 
destruction  that  it  wrought,  that  few  survived  who  saw  the  great  black  cloud 
descending  from  the  mountain,  but  of  those  few  there  are  some  who  have  placed  on 
record  what  they  saw,  and  it  is  clear  from  their  descriptions  that  in  Martinique  there 
was  a  repetition  of  what  had  happened  in  St.  Vincent  on  the  previous  afternoon. 
The  mountain  burst  open  and  a  great  cloud  aj^peared  near  its  summit.  It  arose  with 
a  loud,  growling  noise,  and  some  say  that  in  it  they  saw  a  bright  red  glare.  Like  an 
avalanche  it  poured  upon  the  city,  covering  the  distance  in  a  few  minutes,  and 
enveloping  all  in  total  darkness.  It  passed  almost  as  rapidly  as  it  had  come,  and 
when  the  darkness  lifted  a  little,  it  was  seen  from  the  shqDS  lying  in  the  harbour  that 
the  city  was  razed,  and  fierce  fires  had  broken  out  in  many  places.  The  north  end  ot 
the  town  was  practically  wiped  out  in  an  instant  :  nothing  was  left  but  blazing  ruins, 
the  inhabitants  perished  where  they  stood.  But  in  the  south  end  the  devastation 
was  not  so  complete,  the  walls  were  left  standing  in  many  of  the  houses,  and  the 

'*  In  the  ‘  Report  of  the  Commissioners  of  the  Academy  of  Sciences  ’  it  is  rem.arked  that  a  tidal 
wave  was  observed  on  the  7th  May  both  in  IMartinique  and  Guadeloupe,  and  that  it  did  not  correspond 
to  any  eruption  (of  Pelee);  needless  to  say  that  was  the  day  of  the  great  eruption  in  St.  Yineent. 
MiM.  A.  Lacroix,  Rollkt  de  lTsle  Si  Girauu,  “  L’Eruption  de  la  IMartinique,”  ‘Comptes  Eendus,’ 
vol.  cxxxv.,  p.  390. 
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liviug  occujDants  rushed  into  the  streets,  yelling  with  pain  and  terror,  terribly  injured, 
throwing  themselves  into  the  sea  to  mitigate  the  agony  of  their  burns.  It  was  no 
earthquake  that  levelled  the  town,  neither  was  it  lightning  nor  the  weight  of  ashes. 
All  who  saw  that  calamity  and  have  survived  agree  that  a  mighty  blast  came  with 
the  cloud  and  mowed  down  everything,  in  its  path.  The  origin  of  the  conflagration  is 
not  quite  so  clear,  and  there  may  have  been  more  than  one  cause.  Lightning  may 
have  ignited  some  structures,  and  the  fires  in  some  of  the  houses  may  have  played  a 
part  in  setting  the  ruins  ablaze.  But  the  cloud  was  filled  with  hot  ashes,  and  we 
have  no  doubt  that,  especially  in  the  north  end  of  the  towm,  the  temperature  of  the 
dust  was  sufficiently  high  to  ignite  combustible  substances. 

Captain  Feeeman,  of  the  “  Boddam,”  has  described  his  fearful  experiences  in 
language  so  terse  and  vigorous  that  it  is  well  suited  to  the  occasion*  : — 

“  At  about  8.15  he  was  in  the  chart  room;  a  good  many  of  the  sailors  were  leaning  over  the  side  of  the 
vessel  watching  the  distant  mountain,  which  was  emitting  dense  clouds  of  smoke  and  occasional  flashes  of 
light.  Mr.  Campbell  was  talking  to  Mr.  Plissonxeau  on  the  deck.  On  a  sudden  he  (the  Captain)  heard 
a  tremendous  noise,  as  though  the  entire  land  had  parted  asunder.  Simultaneous  with  the  noise  there  was 
a  great  rush  of  wind,  which  immediately  agitated  the  sea,  and  tossed  the  shipping  to  and  fro  ;  he  rushed 
out  of  the  chart  room,  and  looking  over  the  town  and  across  the  hills  he  saw  a  sight  he  cannot  describe. 
He  remembers  calling  out  to  Mr.  Campbell,  and  saying  :  ‘  Look !  ’ — then  an  avalanche  of  lava  was  upon 
them.  It  immediately  caught  the  town  afire  as  it  passed  over  it,  likewise  the  shipping.  It  struck  his  ship 
with  the  force  of  a  mighty  hammer,  and  the  lava  rained  upon  the  deck.  Everyone,  as  far  as  he  could  see, 
sought  shelter  at  once,  but  the  heat  was  so  great,  and  the  air  so  suffocating,  that  Mr.  Campbell  and  many 
of  the  crew,  among  whom  was  the  chief  mate,  threw  themselves  in  despair  overboard.  Some  crawled  from 
where  they  had  hidden  themselves  on  to  the  deck  to  obtain  a  breath  of  air,  and  were  roasted  upon  the 
fiery  hot  ashes.  He  did  not  lose  his  head,  his  first  thought  was  to  try  and  save  his  ship  and  such  of  his 
crew  as  were  still  alive.  He  rang  the  bell  for  full  speed  astern,  and  the  heroes  below  turned  on  the  steam. 
He  had  time  to  slip  his  anchor,  and  he  was  off'.  As  his  steering  gear  was  rather  difficult  to  manage  he  once 
or  twice  nearly  ran  foul  of  the  steamship  ‘  Eoraima,’  which  was  on  fire.  He  saw  two  still  figures  standing 
on  the  bridge  with  arms  folded  heroically  awaiting  their  end.  One  of  them  waved  a  good-bye  to  him. 
There  were  a  good  many  passengers  on  board,  these  were  rushing  up  and  down  in  anguish.  When  he  was 
steaming  out  of  port  he  looked  down  at  the  l^urning  city.  A  pall  had  enveloped  it,  but  through  it  he 
could  plainly  see  the  skeletons  of  bruning  houses,  and  the  shadowy  figures  of  men  and  women  running 
hither  and  thither  in  their  terror,  and  above  the  loud  din  of  the  falling  cinders,  the  roar  of  the  raging  sea, 
he  heard  the  agonised  cries  of  30,000  voices.” 

The  cloud  was  red  hot  when  it  emerged,  or,  at  any  rate,  a  red  glare  was  seen  in 
the  fissure  from  which  it  leajDed.  As  it  swept  down  it  was  black  to  those  who  saw  it 
coming,  and  lightnings  scintillated  in  its  front.  With  it  came  the  mighty  wind 
which  capsized  the  “  GrajDpler,”  ruined  the  town,  and  laid  the  “Boraima''  and  the 
“  Boddam  ”  on  their  beam-ends  till  the  water  jDoured  in  through  the  lee  ports.  The 
dust  cloud  followed  in  an  instant.  The  sea  raged  as  in  a  storm.  Its  surface  hissed 
with  the  hot  dust,  and  must  have  been  nearly  boiling.  Even  late  that  night  the 
engineer  of  the  B.M.S.  “  Esk  ”  found  the  temperature  of  the  water  of  the  bay  five 

*  Blue  Book  ‘  On  the  Volcanic  Eruptions  in  St.  Vincent  and  Martinique  in  May,  1902,’  p.  45. 
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degrees  above  the  normal  for  the  time  of  year.  The  wood  deck  of  the  “  Roraima  ” 
was  set  on  fire ;  the  “  Roddam  ”  had  iron  decks,  and  was  lying  further  to  the  south, 
in  the  quarantine  station.  Some  of  the  crew  of  the  “  Tereso  Lobico  ”  also  escaped. 
The  rigging  of  the  sliijDS,  where  it  was  not  cut  away  by  the  blast,  was  charred  or  set 
on  fire  by  the  heat  of  the  dust. 

It  does  not  appear  that  the  smell  of  burning  sulphur  was  overpowering  as  in  the 
black  cloud  at  St.  Vincent.  There  it  was  noticed  by  all ;  but  in  Martinique 
comparatively  few  of  the  survivors  mentioned  it.  The  hot  dust  entered  nose,  and 
mouth,  and  throat,  and  some  stuffed  their  caps  in  their  mouths  to  prevent  getting- 
burnt  in  the  respiratory  j^assages.  They  had  great  difficulty  in  breathing,  and  felt 
choked ;  some  noticed  a  gentle  return  current,  which  brought  fresh  air  and  relief  to 
the  suffering.  The  burns  on  the  bodies  of  those  least  severely  injured  were  often 
beneath  their  clothes,  which  had  not  been  ignited  or  destroyed.  In  the  north  end  of 
the  town  the  corpses  were  superficially  charred  ;  their  clothing  had  often  entirely 
disappeared.  It  is  probable  that  in  many  cases  death  was  instantaneous,  though 
many  of  the  stories  which  were  printed  in  the  papers  as  to  the  attitudes  in  which 
the  bodies  were  found  are  not  worthy  of  credit. 


The  Effects  of  the  Eruptions  on  St.  Pierre  and  its  Vicinity. 

We  visited  St.  Pierre  in  the  beginning  of  July,  1902,  and  are  able  to  confirm 
from  our  own  observations  the  majority  of  the  facts  already  described  by  Mr.  Hill, 
Professor  Russell,  and  the  French  Commissioners.  Before  we  arrived  much  time 
had  elapsed,  and  the  eruptions  of  May  20th,  28th,  and  June  6th  had  added  their  quota 
to  the  sum  of  destruction.  Moreover,  the  city  had  for  36  hours  after  the  first  eruption 
been  the  scene  of  a  gigantic  conflagration.  The  piles  of  coal  on  the  wharves  still 
smoked  when  we  were  there.  No  good  evidence  is  yet  available  of  its  condition  when 
the  first  blast  bad  finished  its  deadly  work,  except,  perhaps,  the  reports  furnished  by 
the  relief  party,  who  went  from  Barbados  under  Mr.  Newton,  the  Colonial  Secretary.'" 
We  have  also  some  photograjihs  taken  on  May  14th  by  Mr.  Poyer,  of  Barbados. 
These  show  that  the  eriqition  of  the  20th  had  finished  the  destruction  of  the  cathedral 
and  demolished  many  houses,  weakened  as  they  must  have  been  by  the  fire  which 
consumed  the  city.  In  the  north  end  of  the  city,  across  the  Riviere  Roxelane,  all 
houses  were  levelled  with  the  ground,  except  wliere  they  stood  below  the  bluff  which 
forms  the  river’s  bank  and  faces  the  sea.  Everything  was  burnt  up,  all  vegetation 
gone,  but  the  copper  telejihone  wires  were  not  fused,  and  objects  of  metal  were  little 
affected  by  the  direct  heat  of  the  blast.  Those,  of  course,  which  were  within  the 
houses  showed  more  alteration,  but  nothing  that  might  not  reasonably  have  been 
attributed  to  the  action  of  the  conflagration. 

*  Blue  Book  :  ‘  Correspondence  relating  to  the  Volcanic  Eruptions  in  St.  Vincent  and  Martinique  in 
May,  1902,’  p.  47. 
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The  blast  had  crossed  the  shallow  valley  of  the  Roxelane,  had  twisted  the  iron 
stanchions  of  the  bridge  over  the  stream,  and  jjlaned  off  the  iipjjer  parts  of  the  houses 
which  stood  in  the  shelter  of  the  steep  northern  bank.  On  the  south  side  of  the  river 
the  destruction  was  less,  and  it  rapidly  decreased  as  it  was  traced  southwards,  though 
still  the  desolation  was  so  striking  that  it  seemed  as  if  no  more  utter  ruin  had  ever 


Fig.  2. — Sketch  Map  of  the  North  End  of  Martinique. 


overwhelmed  a  town.  The  streets  were  full  of  piles  of  stones,  the  remains  of  the  walls 
which  had  been  overturned.  In  many  cases  the  walls  running  east  and  west  were 
levelled,  as  they  had  faced  the  force  of  the  blast,  while  those  which  ran  north  and 
south  had  offered  their  ends  to  it  and  successfully  resisted  its  violence.  It  was  curious 
to  note  how  different  in  consequence  was  the  aspect  of  the  town  when  looked  at  from 
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the  north  of  the  liiviere  Iloxelane,  and  from  the  anchorage  in  the  hay.  From  the  one 
side  it  seemed  entirely  razed,  hardly  one  stone  left  upon  another ;  from  the  sea  it  was 
possible  to  make  ont  where  the  streets  had  been  by  the  long  walls  which  had  formed 
the  frontages  and  were  still  standing.  The  houses  were  burnt  out,  and  filled  with 
blackened  timber,  ashes,  and  mud,  much  of  which  had  apparently  been  washed  down 
Ijy  the  rains  from  the  slopes  behind  the  town.  These  were  now  nearly  bare,  though 
a  little  green  vegetation  was  again  showing  itself,  and  evidently  rivers  of  mud  had 
flowed  along  the  streets  and  come  to  rest  on  the  flat  ground  on  which  the  city  had 
been  built.  It  was  in  turn  being  washed  out  of  the  houses  by  every  shower,  and  fresh 
heaps  of  skeletons  were  in  this  way  daily  being  exposed  to  view. 

The  violence  of  this  blast  must  have  been  terrific.  Tlie  prostrate  walls,  the  twisted 
ironwork  of  the  verandahs,  the  ruined  cathedral,  the  uprooted  and  dismembered  trees, 
all  spoke  eloquently  of  this.  The  cannon  in  the  fort  near  the  south  end  of  the 
town  had  been  overthrown  (they  stood  side  on  to  the  blast).  The  gigantic  statue  of 
the  Virgin,  which  was  planted  on  the  edge  of  the  bluff'  near  the  southern  fort,  was 
torn  fi'om  its  pedestal.  This  was  not  in  itself  wonderful,  as  the  statue  was  fastened 
to  the  pedestal  onl}^  by  four  or  five  iron  bolts  which  had  given  way,  but  it  was 
marvellous  to  see  how  it  had  been  carried  40  feet  away,  and  lay  prone  with  its  head 
pointing  directly  to  the  crater,  Near  it  a  low,  stone  wall,  about  18  inches  thick,  had 
been  broken  from  its  foundations  and  forced  southwards  for  several  inches. 

The  conflagration,  too,  had  left  its  mark.  Nothing  that  was  combustible  had  been 
preserved.  Everything  was  more  or  less  completely  burnt,  excej^t  some  unsigned 
notes,  which  lay  in  a  box  in  the  strong  room  of  the  Banque  Coloniale.  We  were 
told  that  robbers  had  rifled  the  houses  of  everything  of  value,  but  we  saw  very 
little — it  was  difficult  even  to  obtain  a  curio  to  remind  one  of  the  visit.  The  iron 
safes  of  the  business  houses  were  there,  most  of  them  broken  open ;  the  books  they 
contained  were  more  or  less  charred.  Coins  found  in  the  houses  and  shops  were 
shown  us,  most  of  them  blackened,  and  often  sticking  together  as  if  they  had  been 
partially  fused.  The  shops  were  empty,  except  those  which  had  contained  china, 
glass,  or  iron.  The  china  was  often  superficially  fused,  the  glass  in  some  cases  melted 
into  lumjDS.  The  iron  beams  of  one  large  building  were  curved  and  twisted  like 
reeds. 

From  our  point  of  view  the  condition  of  the  trees  was  of  special  interest,  as  giving 
us  data  on  which  to  base  a  comparison  with  what  we  had  seen  in  St.  Vincent. 

To  the  north  of  the  city  they  had  vanished,  and  on  the  south  side  of  the  Roxelane 
they  were  overturned — even  the  largest  charred  and  sand-blasted.  But  on  the 
extreme  south  end,  though  many  had  fallen,  some  stood,  and  behind  the  town  a 
banana  was  putting  out  its  oar-shaped  leaves  of  fresh  green  amid  the  desolation  of 
ashes  and  death.  The  trees  in  the  streets  may  have  been  partially  protected  by  the 
surrounding  houses.  It  is  not  wise  to  push  the  comparison  too  far,  but  in  general 
the  south  end  of  iSt.  Pieri'e  was  in  much  the  same  condition  as  St.  Vincent  on  the 
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windward  side,  alDout  a  mile  above  Lot  14,  so  far  as  the  condition  of  vegetation  in  the 
city  was  concerned.  There  were  no  houses,  ol  course,  in  that  region  in  St.  Vincent, 

In  St.  Pierre,  as  in  St.  Vincent,  the  blast  was  heavy  and  crept  along  the  ground. 
At  any  rate,  when  it  reached  the  lower  slopes  it  flowed  along,  and  was  deflected  by 
j^rominent  ridges  in  its  path.  The  bluff  behind  St.  Pierre  directed  it  along  the  coast, 
where  it  swept  the  shore  to  Carhet,  killing  or  scorching  all  the  cocoa-nut  palms 
on  the  low  beach,  and  singeing  the  face  of  the  steep  hank,  hut  unable  to  mount 
the  heights  and  devastate  the  country  behind.  This  when  we  saw  it  was  green ; 
it  had,  jDerhaps,  been  covered  with  a  thin  sheet  of  ashes,  hut  the  crops,  the  trees, 
and  even  the  buildings  were  little  damaged,  and  nowhere  was  the  line  between  the 
blasted,  desolate,  fire-swept  area  and  that  which  had  Ijeen  injured,  hut  not  beyond 
the  power  of  rapid  recovery,  so  perfectly  sharp  and  definite.  In  the  length  of  one 
garden,  near  the  statue  of  the  "Virgin  on  the  cliff  top,  we  could  find  every  transition, 
from  utter  destruction  at  one  end  to  very  fair  preservation  at  the  other.  The  edge 
of  the  dust  cloud  had  been  as  well  defined  between  St.  Pierre  and  Carhet  as  in  any 
part  of  St.  Vincent,  f 

The  depth  of  the  layer  of  ashes  was  quite  inconsiderable  when  compared  with  that 
on  the  south  side  of  the  Soufriere.  On  the  cane  fields  at  the  north  end  of  the  town  it 
had  been  originally  perhaps  a  foot,  but  near  the  sea-shore,  behind  the  rum  distilleries, 
and  near  the  mouth  of  the  Riviere  des  Peres,  perhaps  3  feet  or  more.  In  the  town 
itself  so  largely  had  the  deposit  been  re-arranged  by  water  that  it  was  not  safe  to 
deduce  its  original  thickness,  and  everywhere  the  heavy  rains  had  scoured  away  the 
loose,  ashy  sand,  and  only  indirectly  could  we  infer  how  much  had  once  been  there. 
The  upper  surface  was  wonderfully  smooth,  but  Professor  Lacroix  and  his  colleagues  | 
describe  ridges  “  like  sand  dunes,”  which  reseml)le  the  hog-hacked  mounds  on  the 
Wallibu  Dry  River.  There  did  not  appear  to  have  been  any  great  deposits  in  the 
valleys,  which  were  mostly  open  and  shallow,  not  deep,  narrow  ravines,  hut  there 
was  more  in  such  situations  than  on  the  flat,  and  it  was  obvious  that  much  of  what 
had  originally  obstructed  the  stream  courses  had  been  cut  out  l)y  running  water  and 
carried  to  the  sea.  In  the  Riviere  Blanche  we  Ijelieve  there  is  some  depth  of  hot 
sand,  which,  as  described  by  Professor  Heilprin  and  Professor  Lacroix,  is  slipping 
into  the  water  and  giving  out  gushes  of  steam,  recalling  on  a  smaller  scale  the 
explosions  on  the  Wallibu.  The  sand  was  distinctly  lighter  in  coloui'  than  that  of 
the  ISoufriere,  as  may  be  inferred  from  the  descriptions  of  its  mineralogical  and 

*  Mr.  Hovey  states  that  “in  many  places  the  line  of  demarcation  passed  through  single  trees,  leaving- 
one  side  scorched  and  brown,  while  the  other  side  remained  as  green  as  if  no  eruption  had  occurred.” 
E.  0.  Hovey,  “  Martinique  and  St.  Vincent :  a  Preliminary  Report,”  ‘  Bull.  Amer.  Museum  Nat.  Hist.,’ 
vol.  xvi.,  1902,  p.  .347. 

t  MM.  A.  Lacroix,  Rollet  de  i/Isle  &  Giraud,  “Sur  I’Eruption  de  la  Martinique,”  ‘Comptes 
Rendus,’  vol.  cxxxv.,  p.  382,  1902. 

+  MM.  A.  Lacroix,  Rollet  de  l’Isle  Sz  Giraud,  “Sur  I’Eruption  de  la  Martinique,”  ‘  Conqrtes 
Rendus,’  vol.  cxxxv.,  jr.  421,  1902. 
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chemical  composition  already  published.  It  was  astonishingly  uniformly  fine-grained  ; 
small  lapilli  were  present,  spongy,  brownish-grey,  and  porphyritic,  and  were  most 
numerous  where  the  finer  stuff  had  been  removed  by  the  rains,  but  large  bombs  are 
rare,  except  on  the  slopes  around  the  crater,  and  we  saw  none  near  the  city  of 
St.  Pierre.  There  were  a  few  ejected  blocks,  so  few  that  most  of  them  already  bore 
the  marks  of  the  hammers  of  the  French  and  American  geologists,  who  had  been 
there  before  us.  They  were  brittle,  and  flaked  off  on  the  surface  like  those  already 
described  as  found  on  the  Soufriere.  All  that  we  saw  were  old  and  somewhat 
decomposed  porphyritic  andesites. 

The  products  of  the  magma  of  Pelee  were  distinctly  more  acid  than  those  of  the 
Soufriere,  and  more  of  the  dust  consi.sted  of  felspar,  which  gave  it  a  pale  grey  colour. 
It  is  less  rich  in  the  ferro-magnesian  silicates,  especially  augite,  but  contains  a  fair 
amount  of  hypersthene  and  some  hornblende.  No  olivine  has  been  reported.  Mixed 
with  the  broken  and  entire  crystals  of  these  minerals  are  the  remains  of  a  base 
or  ground-mass,  which  is  often  filled  with  fine  microlites  of  hypersthene,"'"  and 
this  material  of  the  later  period  of  consolidation  is,  on  the  whole,  more  abundant 
than  in  the  dust  of  the  Soufriere.  The  felspars  are  also  more  rich  in  the  albite 
molecule,  and  contain  less  of  anorthite. 

The  area  of  devastation  in  Martinique  is  not  onl}^  sharply  defined,  it  is  small, 
much  smaller  than  that  of  St.  Vincent,  and  occupies  only  a  segment  of  the  volcanic 
cone.  Its  base  stretches  along  the  coast  from  Cai'bet  to  Roche  La  Perle  ;  its  apex  is 
a  little  to  the  north  of  the  summit  of  Pelee ;  its  boundaries  are  fairly  straight,  but 
are  apt  to  be  deflected  by  the  irregularities  of  the  surface  and  the  obstruction  offered 
by  the  projecting  lidges  to  the  outward  flow  of  the  black  cloud  near  its  margin 
Within  this  region  the  desolation  varies  almost  directly  with  the  proximity  to  the 
crater.  It  is  complete  and  total  on  the  upper  slopes  and  in  the  north  end  of 
St.  Pierre,  but  decreases  rapidly  as  traced  southwards  through  the  city  and  along 
the  coast  to  Car  bet.  On  the  west  side,  PiAcheur  is  covered  with  ashes,  but  it  was 
not  swept  by  the  awful  Idast.  The  wind  constantly  floats  the  fine  ash  projected 
from  the  crater  with  the  rising  steam  clouds  in  this  direction.  The  trees  are  powdered 
over,  the  vegetation  blighted,  the  streets  paved  with  dust,  but  much  of  this  is  due, 
not  to  the  great  eruption,  but  to  the  subsequent  activity  of  the  volcano. 

Only  about  a  third  part  of  the  mountain  has  been  ravaged  by  the  blast.  The 
north  and  east  sides  have  hardly  suffered,  or  at  any  rate  the  deposit  of  ash  on  them 
was  so  thin  that  when  we  were  in  Martinique  it  had  mostly  been  washed  away, 
and  the  beautiful  verdure  which  characterises  that  lovely  island  flourished  to  all 
appearance  as  if  no  eruption  had  ever  taken  place. 

The  area  affected  is  rather  more  than  one  half  that  which  has  been  blasted 
in  St.  Vincent,  and  the  total  mass  of  material  ejected  hy  Pelee,  may  be,  perhaps, 

*  A.  Lacroix,  “  Sur  les  Roches  rejeteus  par  I’Eniption  actiielle  de  la  IMontagne  Pelee,”  ‘  Comptes 
Remlus,’  vol.  cxxv.,  p.  453,  1902. 
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one-tenth  of  that  which  the  Sonfriere  has  furnished.  The  great  avalanches  of  dust 
which  fill  the  Rabaka  and  Wallibu  valleys  enormously  surpass  in  magnitude  any 
deposits  of  the  same  kind  in  Martinicpie,  and  the  general  sheet  of  deposit  over  the 
Sonfriere  is  not  only  larger  but  j^robably  also  five  times  as  deep  as  that  which  can  be 
found  on  Pelee.  The  dust  from  the  Sonfriere  fell  in  Barbados  (1,700,000  tons),  and 
all  over  the  sea  for  700  miles  to  the  south-east  of  this. 

The  cloud  which  surged  from  the  crater  of  Pelee  had  only  one  outlet.  On  north 
and  east  it  was  hemmed  in  by  walls  of  rock  ;  only  to  the  south-west  could  it  find  a 
fissure  of  escape,  and  through  this  it  rushed  and  swept  down  the  slopes  on  the  plain 
beneath  and  on  the  devoted  city.  It  spread  out  somewhat,  and  the  area  it  covered  is 
fan-shaj^ed,  hut  all  its  violence  was  concentrated  in  that  small  space,  and  the  havoc 
it  wrought  was  fearful  in  consequence.  Proljably  the  force  of  the  hot  Idast  was  as 
great  in  Martinique  as  in  St.  Vincent  at  equal  distances  from  the  point  of  origin. 
But  in  St.  Vincent  the  total  enei'gy  expended  during  the  great  explosion  was  vastly 
greater  tlian  in  Martinique,  for  the  avalanche  poured  over  the  whole  lip  of  the  great 
circular  crater,  though  mostly  over  the  notch  on  the  south-west  side,  and  radiated 
out  in  all  directions  from  the  centre.  Still,  that  the  blast  in  Pelee  was  so  violent, 
while  the  amount  of  material  ejected  Avas  so  small,  is  one  of  the  most  interesting- 
features  of  the  eruptions,  and  calls  for  special  discussion  when  we  come  to  consider 
the  mechanism  of  these  discharo’es. 

O 

In  St.  Vincent  no  fissures  are  known  to  have  opened  on  the  hill-sides,  no  flows  of 

hot  mud  lava  have  AA'elled  out  of  the  mountain,  and  there  is  a  complete  absence  of 

*  fumaroles  or  minor  steam  emissions,  exce})t  from  the  boiling  lake  Avithin  tlie  crater. 

But  in  Martinique  early  in  the  eruption  the  ri\"ers  began  to  floAv  full  of  muddy  AA'ater, 

/ 

and  on  May  5th  the  Etang  Sec  broke  through  its  barriers  and,  dischai'ging  Into  the 
Iliviere  Blanche,  sent  doAvn  a  torrent  of  hot  mud  Avhich  buried  the  Usine  Guei'in, 
Fissure  formation  and  hot  mud-floAvs  did  not  end  here,  they  are  one  of  the  dominant 
features  of  the  eruption  of  Pelee,  and  some  interesting  facts  regai'ding  them  are 
contained  in  the  Preliminary  Report  of  the  French  Commissioners.'^  Along  the  course 
of  the  Riviere  Seche,  and  in  the  district  betAveen  that  and  the  Riviere  Blanche, 
numerous  fumaroles  have  appeared  which  indicate  the  presence  of  a  series  of  fissures 
in  that  quarter.  They  are  probably  radial  in  direction,  and  may  be  crossed  by 
another  series  (tangential)  on  which  lie  certain  fumai'oles  near  the  sea-shore.  On  the 
north-Avest  side  of  Montague  Pelee  tliere  is,  at  Ajoupa  Bouillon,  a  fumarole  Avhich  lias 
poured  out  large  quantities  of  muddy  Avatei',  and  this  may  lie  on  a  prolongation  of 
the  radial  fissures  on  the  south-east  side  of  the  cratei-.  They  are  not  cliaracterised 
by  gaping  cracks,  but  rise  througli  the  old  or  iieAv  ash  deposits,  and  giA^e  evidence  of 
their  presence  by  emanations  of  steam  and  sulphuretted  hydrogen.  Some  of  them 
are  at  a  temperature  sufficiently  high  to  melt  pieces  of  lead  Inserted  into  the  orifice. 

*  MM.  A.  Lacroix,  Rollet  de  lTsle  &  Giraud,  “  Siu-  I’Eraptiou  de  la  Martinique,’'  ‘  Comptes 
Rendus,’  vol.  cxxxv.,  p.  381,  1902. 
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Their  maximum  activity  does  not  coincide  closely  with  the  outburst  of  steam  clouds 
from  the  crater. 

When  these  fumaroles  lie  in  the  course  of  a  stream  or  in  the  sea,  the  water  flows 
into  the  open  tube  in  periods  of  quiescence ;  when,  on  the  other  hand,  the  activity 
resumes,  it  is  discharged  as  an  overflow  of  hot  mud,  alternating  with  steam  puffs  and 
jets  of  muddy  water.  To  this  is  due  the  sudden  variatioiis  in  the  volume  and  the 
temperature  of  the  streams.  As  in  St.  Vincent,  the  banks  of  hot  ash  overlooking  the 
current  are  subject  to  frequent  landslide,  which  give  rise  to  ascending  steam  clouds 
when  they  meet  the  water ;  and  this  must  not  be  confounded  with  the  open 
fumaroles  from  which  steam  is  also  emitted.  Professor  Lacroix  and  his  colleagues 
also  remark  that  the  large  number  of  dead  fishes  cast  ashore  on  some  days  in  the  Bay 
of  St.  Pieri-e  may  have  been  killed  by  the  action  of  similar  fumaroles  beneath  the  sea, 
along  a  prolongation  of  the  same  fissures,  and  that  the  telegraph  cable  was 
broken  apparently  where  it  crossed  this  line,  and  when  recovered  its  insulating 
material  was  found  to  have  been  melted. 

On  the  north-western  side  of  the  mountain  also,  mud-flows  have  taken  place  on  a 
large  scale.  One  lias  covered  the  village  of  Basse  Pointe,  another  flows  down  to 
Macouba.  Even  Ijefore  the  great  eruption  there  were  mud  currents  in  some  of  the 
streams,  and  thougli  tliey  niay  be  in  part  due  to  the  washing  action  of  rains  on  the  ash 
covered  soil,  and  consequently  similar  to  the  muddy  rivers  of  St.  Vincent,  yet  they 
cannot  all  be  explained  in  this  way.  Some  are  due  to  the  discharge  of  the  crater 
lakes  through  fissures,  others  no  doidjt  to  the  re-emergence  of  Avater  Avhich  has  been 
engulfed  into  fumaroles  and  open  cracks,  Imt  for  a  fuller  discussion  and  explanation 
of  their  origin  and  nature  we  must  Avait  till  the  detailed  reports  of  the  French 
Commissioners  ai'e  to  hand. 

The  long  preliminary  stage  of  the  eruption  at  Pelee,  the  scarcity  of  earthquakes, 
the  deA^elopment  of  fissures  and  of  fumaroles,  and  the  extensiA’e  11oaa"s  of  mud, 
together  AAuth  the  more  acid  nature  and  more  uniform  fineness  of  the  ejecta,  and  the 
greater  strength  of  the  blast  in  proportion  to  the  small  amount  of  dust  deposited, 
are  tlie  main  differences  Avhich  Ave  find  in  making  a  comparison  of  the  great 
eruptions  of  8t.  Vincent  and  Martinique.  In  all  their  principal  features  the  tAVO 
outbursts  are  parallel,  and  belong  to  a  clearly-defined  and  highly-destructiA^e  type  of 
A'olcanic  action.  These  A'olcanoes  are  of  the  explosive  class,  and  in  their  dust 
avalanches  exhibit  one  of  tlie  most  I'eniarkable  efiects  of  the  expansiA-e  poAver  of  the 
superheated  steam  in  an  igneous  magma.  Their  fatal  Auolence  is  oAving  rather  to 
the  physical  pi'ocesses  at  Avork  and  to  the  form  their  ejecta  assume  than  to  the 
magnitude  of  the  eruptions  themseL'es,  for  Avhile  that  of  the  Soufriere  Avas  really 
a  considerable  eruption,  and  produced  notable  geological  consequences,  that  of 
Pelee  Avas  comparatively  small,  and  its  geological  effects  are  of  no  great  impor¬ 
tance,  and  most  of  them  Avill  disappear  Avithin  a  feAv  months  of  the  cessation  of  the 
explosions. 
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Another  and  a  striking  difference  between  the  Soiifriere  and  Pelee  is  in  the 
manner  of  their  behaviour  during  the  time  that  has  elapsed  since  their  first  outburst 
early  in  May  this  year.  The  Soufri^re  soon  ceased  to  emit  its  column  of  vapour  and 
of  ashes,  and  between  the  successive  eruptions  periods  of  complete  tranquillity  (except 
for  rumblings  and  slight  earth  tremors)  have  intervened.  But  Pelee,  according  to 
the  accounts  given  us  by  many  who  have  visited  the  mountain  since  the  first  great 
outbreak,  has  never  quite  discontinued  to  send  out  towering  steam  clouds  at  more  or 
less  regular  intervals.  When  we  were  in  St.  Pierre  in  the  early  part  of  July  this 
year,  the  great  gaping  rent  on  the  south-west  side  of  the  mountain-top  would  every 
now  and  then  discharge  great  puffs  of  steam  which,  rising  in  the  air,  would  expand 
and  become  balloon-shaped,  their  surfaces  covered  with  rounded,  swelling  convolutions, 
which  rapidly  multiplied  and  incessantly  changed  their  form.  They  were  veiy  similar 
in  appearance  to  the  puffs  Avhich  rose  from  the  Wallil)u  in  St.  Vincent,  and  as  they 
were  sudden,  and  formed  in  a  second  or  two,- their  iq)per  parts  soon  separated  from 
the  stem,  and  floated  off  before  the  steady  east-north-east  trade  wind.  As  they  drifted 
across  the  face  of  the  mountain  the  fine  ash  fell  from  them  like  a  thick  mist,  which 
veiled  the  features  of  slope  and  scar  and  ravine.  We  often  compared  them  to  cauli¬ 
flowers,  or  to  hunches  of  grapes,  and  very  similar  effects  may  occasionally  l^e  noticed 
where  a  large  locomotive  sends  one  great  blast  of  steam  straight  up  from  its  funnel. 
When  they  leaped  into  the  air,  a  low,  dull  rumble  might  often  be  heard.  They 
ascended  to  lieights  of  4000  or  5000  feet  above  sea-level  before  their  upward  velocity 
was  spent,  and  their  gracefid  l)eauty  of  form,  and  the  play  of  light  and  shade  on  their 
surfaces,  as  they  ceaselessly  expanded  and  their  convolutions  swelled  and  melted  into 
the  flattened  drifting  clouds,  which  the  wind  bore  with  it  to  leeward,  were  objects  of 
continual  interest  and  admiration  to  us.  We  did  not  see  them  carry  up  stones  of  airy 
size,  nor  did  they  condense  as  they  floated  arvay,  for  the  ash  which  fell  was  dry,  and 
there  was  actually  a  lack  of  r  ain  in  Precheur,  in  which  the  falling  dust  had  covered 
everything  with  an  ashen  pall. 

(Jne  of  these  clouds  would  rise  every  10  or  20  minutes,  for  hours  at  a  time,  then 
for  an  hour  or  more  there  would  be  none,  and  when  the  trade-wind  cloud  which 
always  capped  the  mountain  would  lift  and  clear  for  a  little,  we  could  see  with  our 
binoculars  the  great  V-shaped  cleft  which  faces  St.  Pierre,  and  out  of  which  welled 
the  deadly  blast  that  razed  the  city.  A  .sloping  scree  of  enormous  angular  blocks  of 
rock  lay  in  this  gulch.  At  night  a  dull  red  glow  is  sometimes  seen  given  out  by  these 
boulders,  for  they  are  intensely  hot ;  and  little  landslides  occasionally  took  place  in 
them,  the  material  being  probably  set  in  motion  by  the  tremors  which  accompanied 
the  ri.se  of  the  .steam  jets. 

This  talus  of  great  .stones  was  formed,  apparently,  around  the  crater,  where  the 

ejecta  which  had  been  ca.st  up,  but  had  not  sufficient  velocity  to  surmount  the 

/ 

.summit  and  land  on  the  windward  side  or  in  the  apical  lake  (the  Etaiig  des  Palmistesl, 
wordd  necessarily  accumulate.  Its  formation  was  plainly  due  to  the  greater  eruptions, 
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for  the  smaller  jets  of  steam  could  add  but  little  to  the  piles  of  rock  which  gathered 
there.  The  larefe  size  of  the  boulders  showed  that  most  of  the  finer  dust  had  soared 

o 

high  in  the  air  and  travelled  far  before  alighting,  and  little  whiffs  of  steam  rose 
sometimes  from  between  these  stones,  and  wafted  away  whatever  finer  stuff  had 
temporarily  landed  among  them. 

These  club-shaped  steam  columns  which  towered  into  the  air  have  been  seen  by  all 
visitors  to  St.  Pierre,  and  when  unusually  large,  have  occasioned  much  trepidation, 
and  given  rise  to  many  baseless  laimours  of  eruptions.  According  to  Professor 
Jaggar,  they  had  been  visilde  every  day  he  saw  the  mountain  from  that  side,  but 
varied  a  good  deal  in  frequency  and  in  size.  They  were  quite  harmless,  even  to  those 
who  were  accidentally  involved  in  their  edges,  and  consisted  of  dry  steam,  dust,  and 
a  little  sulphurous  acid. 


The  Eruption  of  July  9th,  1902. 

The  night  of  July  9th  was  marked  by  one  of  the  major  eruptions  of  Pelee,  and 
we  had  the  exceptional  good  fortune  to  be  in  St.  Pierre  that  day,  and  to  have 
a  magnificent  view  of  tlie  eruption,  while  we  escaped  entirely  unscathed. 

The  morning  had  been  exceedingly  fine,  and  we  spent  it  in  St.  Pierre  examining 
the  ruined  city  and  the  cane-fields  on  the  banks  of  the  Riviere  des  Peres.  During 
the  forenoon  the  mountain  was  in  a  .state  of  almost  complete  quiescence.  Hardly 
a  single  steam  cloud  rose  from  fissures  in  the  Ptiviere  Blanche,  and  at  times  the 
summit  of  the  mountain  could  l3e  made  out  rising  above  the  great  cleft  near  the  top. 
To  the  west  it  formed  a  broken  cliff,  with  extraordinary  ruggedness,  overlooking  the 
old  crater  of  the  Lac  des  Palmistes.  As  mid-day  passed  the  familiar  steam  jets 
appeared  again,  and  in  the  clear  air  they  were  so  beautiful,  so  large,  so  perfectly 
formed,  that  we  peiTorce  had  to  halt  in  our  wanderings  through  the  city  and  gaze  on 
their  varied  transformations.  Similar  clouds  of  larger  size  we  had  seen  previously, 
hut  never  any  so  uniformly  perfect  in  all  their  proportions.  We  had  with  us  a  small 
sail-boat,  the  “Minerva,”  of  Grenada,  of  10  tons  register  or  less,  \^hlch  served  as 
a  base  for  our  expedition,  and  in  the  afternoon  we  went  aboard  and  cruised  about  the 
l^ay,  sailing  down  along  the  coast  to  Precheur,  taking  photographs  of  the  hill  and  of 
the  .steam  clouds,  which  continued  to  rise  at  regular  short  intervals.  Oft  Precheur 
we  put  aloout  and  stood  loack  close-hauled  across  the  bay.  Foi*  a  time  the  breeze  fell 
away,  ljut  as  we  drew  out  from  the  land  the  fresh  trade  wind  met  us  and  bore  us 
along  to  the  south  end  of  the  anchorage.  The  perfect  afternoon  light  showed  up  in 
deep  relief  the  naked,  scarred,  and  riven  surface  of  the  great  volcano.  As  we  were 
half-way  across  tlie  hay  of  St.  Pierre,  about  half-past  five  in  the  afternoon,  the  steam 
clouds,  which  liitherto  had  followed  one  another  at  short  intervals  sufficient  to  allow 
each  to  exhibit  its  perfect  form  and  to  pass  through  the  various  .stages  of  asceiit  and 
expansion  before  another  followed  it,  began  to  rise  with  greater  frequency,  so  that 
one  interfered  with  the  isolated  development  of  that  which  went  before. 
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We  ran  down  to  Carbet,  about  miles  south  of  St.  Pierre,  where  we  came  to 
anchor  on  a  sandbank  a  little  north  of  the  ^dllage.  One  of  us  went  ashore  to  make 
the  final  arrangements  with  the  porters  who  were  to  come  on  hoard  before  dawn  next 
day,  and  to  ascend  the  hill  with  ns.  After  purchasing  some  food  he  returned,  and 
now  the  sun  was  setting  behind  a  dense  pall  of  ashes  which  hung  over  the  leeward 
side  of  the  mountain  like  a  dark  fog,  and  over  the  sea  to  the  westward  for  a  distance 
of  several  miles  from  the  mountain.  From  the  fissure  in  the  volcano,  clouds  of  pale 
slaty  vapour  rose  constantly,  and,  spreading  out,  they  floated  away  before  the  trade 
wind.  We  could  see  that  puff  followed  puff;  each  could  he  distinguished,  though 
they  followed  one  another  at  intervals  so  l)rief  that  as  each  expanded  it  melted  more 
or  less  completely  into  the  streaming  cloud  mass  which  swept  across  the  hill.  The 
sun  behind  this  cloud  became  a  pale  yellowish  or  greenish -white  disc,  easily  observable 
with  the  naked  eye  long  before  it  touched  the  rim  of  the  horizon. 

In  the  rapidly-falling  twiliglit  we  sat  on  deck  intently  watching  the  activity  of  the 
volcano,  and  calculating  tlie  chances  of  an  ascent  next  inorning,  when  our  attention 
was  .suddenly  attracted  t(j  a  cloud  v'hich  was  not  exactly  like  any  of  the  steam 
“  cauliflowers”  we  had  hitherto  seen.  It  was  globular,  with  a  bulging,  nodular  surface  ; 
at  first  glance  not  unlike  an  ordinary  .steam  jet,  hut  darker  in  colour,  being  dark  slate 
approaching  black.  But  In  its  shape  there  was  nothing  very  distinctive.  Its 
behaviour,  however,  was  unique.  It  did  not  ri.se  in  the  air,  hut  rested  there,  poised 
on  the  lip  of  the  fis.sure,  for  quite  a  while  as  It  seemed,  and  retained  its  shape  so  long 
that  we  could  not  suppose  it  to  he  a  mere  steam  cloud.  Evidently  it  had  been 
emitted  with  .sufficient  violence  to  raise  it  over  the  lip  of  the  crater,  hut  it  was  too 
heavy  to  soar  up  in  the  air  like  a  mass  of  vapour,  and  it  lay  rolling  and  spouting  on 
the  slopes  of  the  hill.  The  wind  had  no  power  over  it,  fresh  protuberances  spuifed 
out  from  its  surface,  hut  It  did  not  drift  to  leeward  any  more  than  if  it  had  been  a 
gigantic  boulder.  For  a  little  time  we  stood  watching  it,  and  slowly  we  realised  that 
the  cloud  was  not  at  re.st  hut  was  rolling  straight  down  the  hill,  gradually  increasing 
in  size  as  it  came  nearer  and  nearer.  We  consulted  together;  it  seemed  so  strange 
and  so  unaccountahle,  hut  in  a  minute  or  two  suspicion  gave  place  to  certainty.  It 
seemed  that  the  farther  the  cloud  travelled  the  faster  it  came,  and  when  we  took  our 
ev'es  ofi‘  it  for  a  second  and  then  looked  hack  it  was  nearer  and  still  nearer  than 
before.  There  was  no  room  for  doubt  any  longer.  It  was  a  “  black  cloud,”  a  dust 
cloud,  and  was  making  directly  for  us.  So  with  one  accord  we  prepared  to  get  out 
of  its  path.  We  helped  the  sailors  to  raise  the  anchor  and,  .setting  the  head  sails,  we 
slipped  away  before  the  wind.  By  the  time  the  mainsail  was  hoisted  we  had  time  to 
look  l)ack,  Imt  now  there  was  a  startling  change.  The  cloud  had  cleared  tlie  slopes 
of  the  hill.  It  was  immensely  larger,  hut  still  rounded,  globular,  with  boiling, 
pillowy  surface,  pitch  black,  and  through  it  little  .streaks  of  lightning  scintillated.  It 
liad  now  reached  the  north  side  of  the  hay,  and  along  its  Ijase,  where  the  l)laek  mass 
rested  on  the  water,  there  was  a  line  of  sparkling  lightnings  that  played  incessantly. 
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Soon,  however,  it  seemed  to  lose  its  velocity ;  its  surface  became  less  agitated,  it 
formed  a  great  black  pall,  with  larger,  less  vigorous,  more  globular,  bulging  convolu¬ 
tions.  Evidently  its  violence  was  spent,  and  it  was  not  to  strike  us ;  it  lay  almost 
like  a  dead  mass  on  the  surface  of  the  sea. 

At  first  the  wind  was  east  and  very  gentle,  a  slight  tide  drew  us  southward  and, 
as  we  slipped  past  Carbet,  the  church  tower  shone  in  the  pale  moonlight  (the  moon 
was  in  its  first  quarter  and  high  in  the  heavens  to  the  south-west),  and  there  was 
still  liglit  to  enalde  us  to  see  the  figures  of  men  fleeing  south  along  the  cliffs,  and  we 
could  hear  their  shouts  of  terror. 

The  black  cloud  rose  from  the  fis.sure  about  20  minutes  to  8  o’clock.  It  took  verv 

*j 

little  time  for  us  to  get  the  sails  set,  and  for  20  or  30  minutes  we  .sailed  along  with  a 
gentle  breeze  from  the  ea.st,  every  sail  drawing,  and  the  houses  of  Carbet  lessening 
gradually  as  we  sped  south.  Then  the  wind  fell  away,  and  it  was  practically  a  dead 
calm.  In  the  deepening  dai’kness  we  ke})t  a  close  watch  on  the  mountain,  and  soon 
the  black  cloud  seemed  to  clear,  for  again  we  conld  see  dimly  the  di.stant  cloud-capped 
mass  of  Pelee,  with  a  faint  red  glare  above  the  fissure  from  which  the  cloud  had  come. 
This  glare,  however,  had  been  seen  once  or  twdce  during  the  previous  month  by 
various  observers.  But  it  slowly  increased,  and  we  coidd  see  bright,  glowing  masses 
describing  parabolic  paths  through  the  air  and  then  landing  on  the  mountain  slopes 
and  rolling  down  the  hill.  These  were  clearly  red-hot  stones,  and  they  mirst  have 
been  projected  about  a  mile  from  the  crater.  The  .sailors  had  been  often  in  St.  Pierre 
during  the  previous  three  weeks,  but  they  had  never  seen  anything  like  this  before, 
and  it  was  apj^arent  that  the  volcanic  activity  was  unusually  great. 

Suddenly  a  great  yellow  or  reddish  glare  lit  up  the  whole  cloud  mass  which  veiled 
the  summit.  It  was  like  the  lights  of  a  great  city  on  the  horizon,  or  the  glare  over 
large  iron  furnaces,  as  seen  from  a  distance  on  a  dark  night  reflected  from  an  over¬ 
hanging  mist,  but  brighter  and  more  yellow.  Then  from  the  mountain  burst  a 
prolonged  angry  growl,  not  a  sharp  detonation  or  a  series  of  detonations,  such  as  we 
had  heard  just  before  when  the  hot  stones  were  launched  from  the  crater,  but  a  long, 
low,  rumbling  .sound,  like  the  sullen  growl  of  an  angry  wild  bea.st.  It  seems  strange 
that  this  sound  should  have  been  heard  as  far  as  Barbados,  for  what  struck  us  about 
it  was  not  its  loudness,  but  its  snailing  character. 

Then  in  an  instant  a  red-hot  avalanche  rose  from  the  cleft  in  the  hillside,  and 
poured  over  the  mountain  slopes  right  down  to  the  sea.  It  was  dull  red,  and  in  it 
were  brighter  streaks,  which  we  thought  were  large  stones,  as  they  seemed  to  give  off 
tails  of  yellow  sparks.  They  bowled  along,  a})parently  rel^ounding  when  they  struck 
the  surface  of  the  oTound,  but  never  ilsino’  hinh  in  the  air.  The  main  mass  of  the 
avalanche  was  a  darker  red,  and  its  surface  was  billowy  like  a  cascade  in  a  mountain 
brook.  Its  velocity  was  tremendons.  The  mist  and  steam  on  the  mountain  top  did 
not  allow  us  to  see  very  clearly  how  the  fierv  avalanche  arose,  but  we  had  a  perfect 
view  of  its  course  over  the  lower  flanks  of  the  hill,  and  its  glowing  undulating  surface 
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was  clearly  seeu.  Its  similarity  to  an  Alpine  snow  avalanche  was  complete  in  all 
respects,  except  the  temperature  of  the  respective  masses.  The  red  glow  faded  in  a 
minute  or  two,  and  in  its  place  we  now  saw,  rushing  forward  over  the  sea,  a  great 
rounded,  boiling  cloud,  black,  and  filled  with  lightnings.  It  came  straight  out  of  the 
avalanche,  of  which  it  was  clearly  only  the  lighter  and  cooler  surface,  and  as  it 
advanced  it  visibly  swelled,  getting  larger  and  larger  every  minute.  The  moonlight 
shining  on  its  face  showed  up  the  details  of  its  surface.  It  was  a  fear-inspiring  siglit, 
coming  straight  over  the  water  directly  for  us,  where  we  lay  with  the  sails  flapping 
idly  as  the  boat  gently  rolled  on  the  waves  of  the  sea. 

The  cloud  was  black,  dense,  solid,  and  opaque,  absolutely  impenetrable,  like  a  mass 
of  ink.  It  was  globular  as  seen  end  on,  very  perfectly  rounded,  hut  covered  with 
innunierahle  minor  excrescences,  rounded,  and  filled  with  terrific  energy.  'J  hey  shot 
out,  swelled,  and  multiplied  till  the  whole  surface  seemed  boiling ;  one  had  hardly 
time  to  form  before  another  sprung  iip  at  its  side  ;  but  they  were  directed  mostly  to 
the  front  and  fewer  at  the  margins,  so  that  their  eftect  was  that  the  cloud  drove 
onward  without  expanding  laterally  to  any  great  extent.  On  the  whole  the 
resemblance  to  the  rising  towering  cauliflowers  of  steam,  which  soared  up  from 
the  fissure,  was  quite  striking,  only  here  the  cloud  lay  on  the  water  and  sped  on 
horizontally,  and  its  ebony  mass  was  a  great  contrast  to  the  pale,  pearly,  ascending 
steam  jets. 

The  display  of  lightning  in  the  cloud  was  marvellous.  In  rapid  flashes,  so  shoi't 
that  they  often  seemed  mere  points,  and  in  larger,  branching,  crooked  lines  it 
continually  dickered  and  scintillated  through  the  whole  vast  mass.  It  was  often 
greenish,  perhaps,  when  seen  through  some  slight  depth  of  the  dust  cloud,  at  other 
times  yellowish,  and  always  rapid,  short-lived — a  mere  succession  of  flashing  points  in 
the  great  black  wall  of  cloud.  Many  of  the  flashes  were  horizontal,  others  shot 
obliquely  from  one  lobe  to  another,  while  along  the  base,  where  the  black  cloud  rested 
on  the  steel-grey  sea,  there  was  a  line  of  sparkling  lights,  constantly  changing,  varying 
in  amount  l)ut  never  disappearing.  Tins  feature  was  so  pronounced  and  so  apparent 
at  the  first  glance,  that  we  were  at  once  reminded  of  the  narratives  given  us  by 
survivors  in  St.  Vincent,  in  Avhich  it  was  stated  that  when  the  black  cloud  rolled 
down  upon  the  sea  it  was  filled  with  fire. 

Nearer  and  nearer  it  came  to  where  our  little  boat  lay  Ijecahned,  right  in  the  path 
of  its  murderous  violence.  We  sat  and  gazed,  mute  with  astonishment  and  wonder, 
overwhelmed  by  the  magnificence  of  the  spectacle,  which  we  had  heard  so  much  about, 
and  had  never  hoped  to  see.  In  our  minds  there  was  little  room  for  terror,  so 
absorbed  were  we  in  the  terrible  grandeur  of  the  scene.  But  our  sailors  were 
in  a  frenzy  of  fear,  they  seized  their  oars  and  rowed  for  their  lives,  howling  with 
dread  every  time  they  looked  over  their  shoulders  at  the  rushing  cloud  behind  us. 
Their  exertions  did  little  gf)(»d,  as  the  boat  was  too  heavy  to  row,  and  fear  gave  place 
to  despair.  But  in  a  minute  a  slight  puff  of  wind  came  from  the  south-east,  very 


496 


DRS.  T.  ANDERSON  AND  J.  S.  FLETT  ON  THE  ERUPTIONS  OF  THE 


gentle,  but  enough  to  ripple  the  water  and  fill  the  sails.  We  had  drifted  out  from 
the  shore,  so  we  gave  our  boatmen  instructions  to  keep  the  boat  close-hauled,  and 
draw  in  to  the  land,  as  the  cloud  was  passing  more  to  the  westward.  Then,  when  we 
looked  at  the  cloud  again ;  it  was  changed,  it  showed  no  more  the  boiling,  spouting, 
furious  vigour,  but  the  various  rounded  lobes  in  its  point  swelled  slowly  and  to 
greater  size,  while  fresh  ones  did  not  shoot  forward,  and  the  mass  had  a  more 
reposeful  and  less  violent  appearance.  In  the  moonlight  it  was  difficult  to  say  how 
far  away  it  was,  but  judging  by  our  distance  from  the  shore,  we  thought  it  was  a 
mile  oft',  or  rather  more. 

It  now  lay  Ijefore  us  nearly  immohile,  a  gigantic  wall,  curiously  reflecting  the 
moonlight  like  a  pall  of  black  velvet.  Its  surface  was  strangely  still  after  the  turmoil 
it  had  exhibited  before,  and  great  black  rounded  folds  hung  vertically  like  those  of 
an  enormous  curtain.  This  lasted  a  few  minutes,  aiid  the  folds  became  flatter  and 
less  convex,  and  a  strange  shimmering  and  change  of  colour  began  to  steal  through 
the  great  murky  wall,  like  a  transformation  scene.  It  became  brownish  in  places,  and 
in  others  grey,  or  even  white  on  the  edges  of  the  folds,  and  through  the  whole  vast 
face  of  the  cloud  these  changes  gradually  spread.  Soon  it  was  evident  that  the  base 
was  darkei',  and  the  paler  summit  was  rising  in  the  air  and  soaring  obliquely  upwards 
aiid  forwards.  The  dust  wms  sinking,  and  the  pale  steam  set  free  from  entanglement 
with  the  heavier  solid  particles,  was  followdng  its  owui  natural  tendency  to  ascend, 
wdiile  still  impelled  forwards  by  the  great  onward  impetus  it  had  received. 

The  steam  cloud  crept  southward,  and  wars  soon  directly  over  our  mast-head, 
travelling  with  a  velocity  of  perhaps  20  miles  an  hour.  It  was  grey  and  tongue- 
shaped,  with  a  Idimt,  rounded  apex,  and  at  its  sides  and  beneath  it  there  were  bars  of 
fleecy  white  where  the  moonlight  fell  upon  its  thin  edges  and  the  lohes  which  hung 
beneath  it.  The  mass  of  the  cloud  was  slaty-grey,  and  as  we  looked  up  at  its  slightly 
I'ounded  under  surface  we  coidd  see  that  still  through  it  the  expansive  energy  of  the 
vapours  was  working  everywhere,  and  many  rounded  convolutions  were  forming 
especially  on  its  front,  though  no  longer  with  the  rapidity  that  they  had  formerly 
exhibited. 

The  lightnings  were  now  reduced  in  number  and  frequency,  but  still,  in  branching 
tortuous  lines,  threaded  the  dark  mass  in  every  direction.  A  low  rumbling  noise  was 
given  out  as  the  cloud  worked  its  way  across  the  clear,  starry  sky.  In  a  little  while 
it  ol)scured  the  moon,  and  the  niglit  became  very  dark.  It  spi'ead  and  spread, 
la‘oadening  and  elongating  till  in  a  great,  flattened,  rounded  mass  it  covei-ed  the  whole 
sky,  and  in  an  hour  or  two  only  a  narrow  crescentic  belt  of  stars  could  be  seen  au'ay 
down  on  the  southern  horizon.  The  low  rumbling  noise  continued,  and  the  lightnings, 
though  less  numerous,  were  visible  for  a  long  time  almost  continuously  flashing. 

As  the  cloud  reached  the  zenith  a  hail  of  pebbles  fell  in  the  sea  and  on  our  decks. 
We  picked  up  the  first  that  fell.  It  was  about  the  size  of  a  chestnut,  and  was  cold  to 
the  touch,  so  we  knew  that  we  were  safe.  Then  smaller  pellets  rattled  on  our  decks. 
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like  a  rain  of  peas  or  small  shot.  A  little  afterward  the  fine  grey  ash  came  in  little 
globules  moist  and  adherent,  noiselessly  sinking  through  the  air  and  sticking  to 
everything  on  which  they  landed.  They  were  not  warm,  and  there  was  a  slight 
but  noticeable  smell  of  sulphurous  acid.  After  a  few  minutes  the  ash  took  the  form 
of  a  dry  powder,  which  got  into  our  eyes  and  felt  gritty  between  our  fingers. 

We  had  now  a  little  wind,  which  rose  gradually  to  a  fresh  breeze,  and  with  many 
tacks  we  beat  up  towards  Fort  de  France,  with  the  lightning  flickering  still  in  the 
sheet  of  cloud  overhead,  and  the  fine  ashes  on  everything  that  we  touched  or  tasted. 
It  covered  the  decks,  and  fell  from  the  sails  and  the  rigging  overhead,  but  there  was 
not  much  of  it.  A  thin  layer,  perhaps  one-sixteenth  of  an  inch  thick,  was  all  we 
found  when  daylight  broke,  and  we  could  ascertain  its  exact  amount.  That  night 
dust  fell  on  Fort  de  France  and  the  whole  south  end  of  Martinicpie,  but  only  in  very 
small  (plant  ity. 

As  we  beat  up  through  the  darkness  to  the  harbour  lights  of  Fort  de  France  there 
were  loud  claps  of  thunder  and  bright  flashes  of  lightning  in  the  northern  sky.  They 
wei-e  cpiite  distinct  from  the  growl  of  the  mountain,  the  short  stabbing  lightnings  of 
the  black  cloud,  and  the  low  rumble  we  had  noticed  as  it  passed  overhead.  We 
watched  them  carefully,  and  tliought  they  were  only  atmospheric,  and  the  thunder¬ 
storm  was  certainly  not  all  to  the  north  of  us,  Init  partly  also  to  the  north-east, 
where  there  was  no  possibility  it  could  have  been  mistaken  for  an  eruption  of  Pel(ie. 
There  is  a  good  deal  of  evidence,  however,  connecting  sudden  thunderstoiins  with 
eruptions  of  Pelee  and  the  Soufriere,  and  we  cannot  be  sure  that  all  the  noises  were 
thunder,  or  that  the  storm  was  not  in  part  due  to  the  atmospheric  disturliances 
attendant  on  the  explosion.  The  thunderstorm  liroke  out  about  midnight,  and  ])y 
that  time  the  lightnings  in  the  ash-laden  cloud  overhead  were  practically  over. 

The  avalanche  of  hot  sand  was  discharged  about  8.20  p.m.  In  a  couple  of  minutes 
it  had  reached  the  sea,  and  was  over.  The  second  black  cloud,  which  was  all  that 
remained  of  it  when  the  heavier  dust  had  subsided,  travelled  about  5  miles  in 
six  minutes,  and  very  rapidly  slowed  down,  coming  to  rest  and  rising  from  the  sea 
in  less  than  a  cpiarter  of  an  hour.  The  tongim-shaped  steam  and  dust  cloud  was  over 
our  boat  by  8.40.  A  few  minutes  aftei'  that  the  ash  was  falling  on  our  decks. 

The  second  black  cloud  did  not  differ  in  appearance  from  the  first,  except  that  it 
Avas  larger,  had  a  far  greater  velocity,  and  srvept  out  at  least  twice  as  far  across  the 
sea.  It  Avas  black  from  the  first  moment  AAdien  Ave  saAV  its  boiling  surface  in  the 
moonlight.  Both  traAmlled  A’ery  rapidly  oAnr  the  loAver  part  of  the  mountain,  but 
sloAved  down  after  reaching  the  sea,  and  came  to  rest  comparatiAmly  suddenly.  The 
lightnings  on  the  two  clouds  A\nre  similar  in  all  respects. 

No  blast  struck  us — in  fact,  AAn  Avere  becalmed— and  it  seemed  that  Avhen  the  black 
cloud  ceased  the  blast  AAars  also  OAmr.  Nor  did  the  sea  rage  around  us  as  some  haAm 
described  Avho  Avere  overtaken  by  the  dust  storm.  When  the  cloud  Avas  passing 
overhead  there  was  a  slight  rolling  sea,  but  as  the  breeze  freshened  the  boat  steadied, 
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mid  tliere  was  no  unusual  disturbance.  We  watched  careful]  v  for  a  strono;  indraught, 
such  as  was  descrilied  by  more  than  one  observer,  but  the  wind  that  rose  from  the 
south-east  was  very  gentle,  and  increased  gradually  to  a  full-sail  breeze.  There  were 
no  reef  points  in  our  sails,  which  were  all  set,  and  the  boat  carried  them  quite  easily. 

In  the  cloud  tliere  was  a  dull,  low  rumble,  but  we  heard  no  detonations,  and  saw 
no  sheet  of  Hanie,  so  that  we  both  agreed  that  there  had  been  no  sudden  ignition 
of  quantities  of  explosive  gases.  The  liglits  in  the  cloud,  in  our  opinion,  were  lightning 
and  nothing  else. 

No  wave  was  noticed  by  us  otlier  tlian  the  slight  roll  already  mentioned.  Yet  we 
learned  in  the  morning  that  a  sudden  rise  of  the  sea  had  lieen  observed  at  Fort  de 
France,  and  Professor  Lacroix  states  that  on  July  9th,  as  on  May  8th,  May  20th, 
May  26th,  and  June  6th,  the  dates  of  the  greater  eruptions  of  Pelee  up  till  that 
time,  the  sea  level  oscillated  in  syiiq)athy  witli  the  volcanic  outliursts.  It  was  not 
to  lie  expected  that  any  sucli  disturbance  would  be  very  evident  on  board  a  boat  on 
the  open  sea. 

(Jn  the  morning  of  July  1 1th  we  were  strolling  through  the  streets  of  Fort  de 
France  photographing  the  picturesque  inhabitants  of  Martinique  and  the  changing 
scenes  of  a  tropical  city,  when  a  low  rumbling  sound  fell  on  our  ears.  We  paid  little 
attention  to  it  :  it  might  have  been  the  noise  of  a  heavily-laden  cart,  or  a  military 
wagon  passing  along  the  ruads,  but  in  a  minute  or  tivo  we  noticed  that  the  people 
were  gathering  in  clusters  on  the  pavement,  gazing  up  in  the  northern  sky  and 
exclaiming,  “  La  montagne  !  La  montagne  !  ”  We  raised  our  eyes,  and  there  agahist 
the  background  of  blue  sky  a  long,  nari’ow,  tongue-shaped  cloud,  fleecy  white,  with 
I'olling,  boiling,  globular  protuberances  continually  forming  at  its  apex,  was  working 
its  way  upwards  and  southwards  in  the  clear  morning  air. 

That  morning  on  Pelee  a  small  outburst  had  taken  place,  following  the  larger 
eruption  of  July  9th  after  the  lapse  of  a  period  of  about  36  bours,  just  as  in 
St.  Vincent  the  small  eruption  of  the  morning  of  May  9th  followed  the  great 
explosion  of  the  afternoon  of  the  7th.  For  some  days  thereafter  the  mountain  was 
in  a  restless,  unquiet  condition,  and  on  the  morning  of  Sunday,  the  13th,  there  was  a 
fall  of  very  line  grey  dust  in  Dominica  after  another  eriqjtion,  which  must  have 
occurred  about  midnight  on  the  previous  night.  About  6  a.m.  a  very  line  powdery 
matter  could  be  seen  floating  on  the  air  and  resting  on  the  glossy  leaves  of  the  plants 
in  the  gardens.  When  gathered  and  examined  microsco|)ically  it  proved  to  be 
undoubtedly  dust  from  Pelee.  We  made  Inquiries,  and  learned  that  an  explosion 
had  taken  place  in  Martinique  about  six  hours  before.  The  path  the  dust  had 
followed  had  been  a  very  indirect  one.  It  luid  been  projected  southward  as  usual, 
had  risen  into  the  anti-trade  I'eiiion  and  been  floated  awav  to  the  east-north-east, 

O  «/ 

then  sinking  into  the  lower  strata  of  the  air  had  been  borne  northward  to  Dominica 

*  MM.  A.  Lacroix,  Rollet  de  lTsle  A  Giraud,  “Sur  I’Eruption  de  hi  Martinique,”  ‘  Coiiiptes 
Rendiis,’  vol.  cxxv.,  j).  390,  1902. 
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by  a  gentle  sonth-east  brease  which  was  blowing  that  morning,  so  that  in  making  tlie 
journey  from  St.  Pierre  to  Pozean,  which  are  only  20  miles  apart  in  a  direct  line,  it 
must  have  travelled  at  least  thrice  as  far  through  the  air,  and  had  taken  about  six 
hours  to  cover  the  distance. 

We  left  Fort  de  France  on  the  afternoon  of  July  1  Ith,  and  on  our  way  to  Dominica 
we  had  a  good  opportunity  of  seeing  the  general  effects  of  the  eruptions  of  the  9th 
and  of  the  I  Ith.  Captain  Barrett,  of  the  R.M.S.  “  Yare,”  most  kindly  took  his  ship 
right  up  into  St.  Pierre  Bay,  and  round  the  sliore  as  close  as  was  possible.  Evidently 
the  avalanche  had  come  down  approximately  along  the  line  of  the  Riviere  Seche,  for 
all  over  that  part  of  the  mountain  there  was  a  layer  of  fresh,  pale-grey  dust  covering 
the  black  surface  of  the  older  ash.  The  effect  was  not  unlike  that  of  a  fall  of  snow, 
but,  of  course,  the  country  was  treeless  and  perfectly  bare.  The  gi’ey  dust  was 
blowing  over  the  surface  in  little  clouds,  stirred  up  by  the  wind,  and  the  rivers  were 
flowinp’  down  through  their  channels  hot  and  steamino’.  We  thought  that  there  was 
more  ash  in  the  valleys  than  had  been  there  on  the  afternoon  of  the  9th,  when  last 
we  sailed  along  that  shore,  hut  as  we  had  never  landed  there  it  was  not  possible  for 
us  to  be  certain.  Evidently  the  total  amount  of  matter  ejected  had  not  been  large, 
only  sufficient  to  add  a  thin  additional  layer  to  the  older  deposits,  Init  not  enough  to 
dam  up  the  valleys  or  make  any  essential  difference  in  the  surface  features, 


A  COMPARATIVE  STUDY  OF  THE  PELEAN  TYPE  OF  ERUPTION. 

The  attention  of  mankind  has  this  year  been  powerfully  directed  to  the  effects 
produced  by  eru})tions  of  a  type  whicli  hitlierto  has  not  been  known  to  exist,  and 
which  differs  from  other  more  customary  kinds  of  volcanic  action  in  several  important 
respects.  As  the  catastrophe  by  which,  in  the  month  of  May,  1902,  the  city  of 
St.  Pierre  was  erased  from  the  map  of  the  world  will  remain  to  all  time  a  witness  to 
the  violence  with  wdiich  these  eruptions  are  attended,  we  propose  to  adopt  tlie  term 
“  A  Peffian  Eruption  ”  to  designate  this  group  of  phenomena.  The  earliest  historic 
in.stance  of  such  eruptions  is  that  of  vSt.  Vincent,  in  1812,  which,  as  we  have  already 
shown,  was  clearly  accompanied  by  the  discharge  of  vast  masses  of  hot  sand  and 
stones  into  the  valleys  of  Wallilm,  Larikai,  and  Rahaka.  It  is  probable,  hut  it  is  not 
certain,  that  the  eruption  of  the  same  volcano  in  1718  was  also  of  this  natiire. 

Eruptions  of  the  Pelean  type  are  distinguished  by  the  occurrence  of  one  or  more 
discharges  of  incandescent  sand,  which  ru.sh  down  the  slopes  of  the  mountain  in  tlie 
form  of  a  hot-saaid  avalanche,  accompanied  l)y  a  great  black  cloud  of  gases  charged 
with  hot  dust,  which  sweeps  over  the  country  with  a  very  high  velocity,  mowing 
down  everything  in  its  path.  All  living  beings  within  the  zone  nearest  the  crater- 
are  killed  ;  all  plants  reduced  to  charred  and  broken  stumps.  At  greater  distances 
men  and  animals  are  scorched  by  hot  sand  or  mud  ;  plants  are  Imrnt,  eroded,  and 
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stripped  of  leaves  and  branches  ;  but  beyond  the  limits  covered  by  the  great  black 
cloud  no  effects  are  produced,  other  than  those  consecpient  on  the  rain  of  ashes 
which  precedes  or  follows  the  avalanche.  Except  for  the  dust  avalanche,  there  is 
nothing  unusual  about  these  eruptions.  They  have,  indeed,  man}"  points  in  common 
with  those  of  volcanoes  of  the  ordinary  explosive  type,  to  a  sub-group  of  w"hich  they 
evidently  belong. 

It  is  possible  for  us  at  the  present  time  only  to  compare  the  history  of  the  different 
outbursts  of  Pelee  and  the  Soufriere  in  order  to  ascertain  what  features  they  have  in 
common  which  are  distinct  from  those  of  other  eruptions,  and  to  form  a  general  idea 
as  to  what  are  the  stages  of  their  action,  and  what  variations  are  possible  in  the  type 
they  represent.  Even  for  this  purpose  the  data  are  not  yet  so  full  and  exact  as  w’e 
hope  they  ultimately  will  be,  when  the  various  scientific  men  wdio  are  engaged  in  the 
study  of  these  volcanoes  at  tliis  moment  have  completed  their  labours,  and  given  the 
world  the  results  of  their  investigations.  But  sufficient  is  knowm  already  to  enable 
us  to  formulate  certain  preliminary  conclusions  and  working  hypotheses. 

We  wall  avail  ourselves,  in  the  first  place,  of  the  results  of  our  own  observations  in 
St.  Vincent  and  Martinique,  and  of  our  experiences  during  the  ei'uption  of  Pelee  on 
July  9th,  1902.  But  the  Beports  of  the  Commissioners  appointed  by  the  French 
Academy  of  Sciences,  and  of  the  various  parties  of  American  scientific  men,  already 
quoted  hy  us,  have  furnished  many  additional  facts  of  importance,  and  not  a  few 
theoretical  suggestions,  wdiicli  we  shall  be  able  in  some  cases  to  adopt  as  in  accordance 
wdth  the  o|)inions  w^e  have  been  led  to  form  l)y  our  owm  investigations.  It  is  only  by 
the  collection  of  a  large  Ijody  of  facts  from  authentic  sources,  well  and  carefully  sifted, 
that  this  ne^v  branch  of  the  science  of  volcanology  w"ill  ultimately  be  established  on  a 
secure  basis,  and  its  results  and  conclusions  entitled  to  the  confidence  of  scientific 
men. 

The  Stages  of  the  Eriqhions. 

We  have  in  a  Pelean  eruption  certain  distinct  stages  to  recognise  and  describe. 
They  may  be  classified  as  follow"s  : — 

1.  The  premonitory  sym})toms  wdiich  herald  the  volcanic  outbreak,  but  are  attended 

by  no  actual  emissions  from  the  volcmio. 

2.  The  preliminary  stages,  in  wdncli  activity  has  been  resumed  and  discharges  are 

produced  from  the  crater.  Tlieir  violence  increases  more  or  less  rapidly,  and 

they  lead  up  to — 

3.  The  climax  ot  the  eruption,  which  is  manifested  l)y  the  appearance  of  the 

avalanche  of  incandescent  sand  and  the  passage  of  the  great  black  cloud. 

4.  The  concluding  stages,  during  which  the  volcano  sinks  iiito  more  or  less  complete 

repose. 

These  stages  must  be  admitted  to  be  more  or  less  artificial  and  arbitrary.  In  some 
of  the  eruptions  they  c.ui  all  be  recognised  as  distinct,  in  others  there  is  a  tendency 
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for  one  or  more  to  Ijecome  inconspicuous  or  disappeai-,  wliile  occasionally  tlie 
preliminary  stages  of  one  eruption  are  continuous  with  the  closing  stages  of  another. 
We  have  adopted  them  as  convenient  I’ather  than  as  necessary,  and  as  affording 
merely  an  easy  and  simple  method  of  classifying  the  observed  facts. 

1.  The  premonitory  symptoms  of  the  eruptions  have  been  very  noticealde  at 
St.  Vincent,  and  much  less  obvious  in  Martinique.  They  consist  of  numerous 
earthquakes,  not  so  violent  as  to  damage  houses,  l)ut  so  fre([uent  as  to  awaken 
apprehension.  They  have  on  more  than  one  occasion  been  observed  for  a  year  l)efore 
the  outbreak.  That  was  the  case  before  the  eruption  of  1902,  and  also,  according  to 
Humboldt,  before  that  of  1812.'""  Before  the  eruption  of  1718,t  earthquakes  were 
frequent  during  the  previous  month.  They  have  invariably  been  most  violent  around 
the  base  of  the  volcanic  cone,  especially  on  the  west  and  east  sides,  and  have  never 
been  conspicuous  in  Chateaubelair  and  Georgetown.  They  are  not  known  to  have 
taken  place  l)efore  the  eruption  of  May  18th,  but  in  that  case  tlie  area  over  which 
tliey  are  felt  had  been  completely  evacuated.  Wlien  tlie  throat  of  the  cmter  lias 
been  recently  cleared  by  a  previous  eruption  they  are  never  so  violent  as  after  a  long 
period  of  quiescence,  when  the  passages  are  occupied  liy  masses  of  solid  rock. 

At  Martinique  the  first  indications  of  activity  in  April,  1902,  were  the  increased 
action  at  the  Soufriere,  the  emission  of  steam  from  the  summit  crater,  the  formation 
of  lakes  of  boiling  mud,  and  tlie  fall  of  fine  ashes  on  the  surrounding  country.  Since 
the  first  great  eruption  that  destroyed  St,  Pierre  the  subsequent  outbursts  liave 
given  little  or  no  warning.  Eartlupiakes  have  not  been  at  all  numerous  in 
Martinique,  either  before  or  during  tliese  eruptions. 

2.  The  Preliminary  Stages. — In  their  duration,  their  violence,  and  the  constancy 
of  their  occurrence,  these  vary  as  much  as  do  the  premonitory  symptoms.  They 
consist  of  the  emission  of  steam  in  increasing  volumes  fi'om  the  crater,  with  fine, 
ashy  dust,  small  lapilli,  and  fragments  of  rock  from  the  crater  walls,  the  discharge  of 
the  crater  lakes  as  torrents  of  water  or  of  hot  mud,  with  loud  detonating  noises,  and 
in  some  cases  numerous  earthquakes  accompanying  the  explosions.  In  Martinique 
the  earthquakes  were  few  and  attracted  little  attention,  but  fissures  were  opened  in 
the  flanks  of  the  volcano,  and  through  these  the  crater  lakes  discharged,  steam  arose 
from  many  fumaroles,  and  the  rivers  were  augmented  by  flows  of  l)oiling  mud.  In 
St.  Vincent  no  fumaroles  and  no  fissures  are  recorded,  there  was  apparently  no 
change  in  the  temperature  or  volume  of  the  springs,  tlie  crater  lakes  were  driven 
over  the  lip  of  the  depression,  aiid  tlie  fall  of  ashes  around  tlie  volcano  was  quite 
inconsiderable.  In  Martinique  the  preliminaiy  stages  of  the  great  eruption  were 
prolonged  over  a  period  of  two  weeks.  Ash  fell  steadily  on  the  leeward  slopes  of  the 
mountain  during  that  time.  In  St.  Vincent,  in  1812,  the  preliminary  stages  occupied 

*  HrMBOi.ru’s  ‘  Personal  NanatiA-e,’  English  translation  liy  Williams,  a'oI.  ii.,  p.  22G.  See  also 
anonymous  narratiA'e  cited  aboA'e,  p.  IGS. 

f  Defoe’s  ‘  NarratiA^e,’  cited  ahoA'e,  p.  45G. 
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three  or  four  days,  and  were  on  the  wliole  similar  to  those  witnessed  on  Pelee  during 
the  present  year,  except  that  fissui'es  were  not  formed,  and  no  flows  of  hot  mud  are 
spoken  of  in  the  accounts.  This  year  the  preliminaiy  stages  of  the  eruption  of  the 
Soufriere  lasted  only  for  a  little  more  than  24  hours. 

When  one  eruption  follows  another  after  a  brief  lapse  of  time  the  preliminary 
symptoms  may  be  indistinguishable  from  the  closing  phases  of  the  previous  outbreak. 
Tins  was  tlie  case  on  the  Soufriere  on  May  9th,  and  on  Pelee  on  July  9th  there  was 
notliing,  except  a  slight  increase  in  the  amount  of  steam  discharged,  to  give  warning 
of  tlie  approacliing  outbui'st  of  the  avalanche  of  incandescent  dust.  Equally  sudden 
was  the  eruption  of  May  18th  at  the  Soufriere,  of  which  no  symptoms  were  visible 
at  nightfall — aljout  7  o’clock — yet  at  8.30  an  immense  cloud  of  steam  suddenly 
towered  into  the  air,  with  vivid  lightnings  and  loud  detonations. 

The  only  danger  during  these  preliminary  stages  is  the  suddenness  of  the  mud 
lavas  that  may  flow  down  the  valleys,  burying  the  houses  on  their  banks,  as 
liappened  at  the  Usine  Guerin  near  St.  Pierre  this  year.  Even  the  vegetation 
of  the  hill,  though  covered  with  fine  dust,  suffers  very  slightly,  and  a  few  .showers 
of  rain  will  remove  all  the  ashes  and  restore  the  beautv  of  the  foliage.  In 
Martinique,  and  also  in  St.  Vincent,  it  is  possible  that  heavy  falls  of  rain  took  place 
on  the  higher  parts  of  that  mountain  during  the  earlier  outl)ursts  of  steam,  but  these 
were  local  and  did  no  leal  damaoe. 

o 

3.  77/ e  Climax  and  Descent  of  the  Black  Cloud. — The  preliminary  stages  gradually 
or  suddenly  pa.ss  into  the  culminating  phases  of  the  eruption.  The  great  black  cloud 
wells  out  of  the  crater  and  rushes  down  the  .slojjes,  obliteiating  all  trace  of  vegetation, 
annihilating  every  living  thing  in  its  path,  and  leaving  l)ehlnd  it  a  desert  of  a.shes. 
Its  appearance  is  usizally  terribly  sudden,  a  few  minutes  previously  the  volcano  may 
have  been  onitting  oidy  a  little  steam  and  fine  du.st,  perliaps  more  than  usual,  but 
not  enougli  to  awaken  any  general  alarm. 

On  the  morning  of  May  8tli  the  “Iloddam”  had  just  dropped  her  anchor;  the 
sailors  were  leaning  against  the  ludwarks,  watching  the  great  column  of  grey  smoke 
winch  rose  from  the  volcano,  wliile  the  fine  dust  was  gentlv  fallino-  on  citv  and 
harbour.  “  Then  came  a  sudden  roar  that  .shook  the  earth  and  the  .sea.  The 
mountain  uplifted,  blew  out,  was  rent  in  twain  from  top  to  bottom.  Emm  the  vast 
cha.sm  there  belched  zqz  high  into  tlie  sky  a  column  of  belching  flame,  and  a  great 
black  pillar  of  cloud.  That  was  all — just  the  one  big  roar  of  the  shattering- 
explosion,  one  flare,  and  then  the  cloud,  shooting  out  from  the  rent,  rushing 
down  the  mountain  side  on  to  the  doomed  city.”  * 

It  will  be  seen  that  in  Martiniipie  little  warning  was  given,  and  the  residents  in 
St.  Pierre  were  uneasy,  Init  not  madly  excited.  Things  looked  no  worse  than  they 
had  done  often  during  the  previous  five  davs.  It  Avas  the  feast  of  the  Ascension, 
and  many  were  hurrying  to  church.  So  sudden,  so  unexpected,  vais  the  great 


*  Captain  FuEKMAX,  “  The  Doom  of  St.  Pievre,” 


‘Pearson’s  Magazine,’ September,  1902,  p  316, 
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catastrophe,  that  death  overtook  most  of  the  inhabitants  before  they  knevr  wliat 
had  hap|)ened. 

It  was  otherwise  in  St.  Vincent  on  the  previous  afternoon.  For  an  hour  or  more 
the  mountain  had  laboured  and  groaned,  quivering  in  the  throes  of  the  eruption, 
great  explosions  followed  one  another  at  comparatively  short  intervals,  the  emumous 
steam  cloud  got  larger  and  larger,  the  violence  of  its  ascent  more  and  more  terrible, 
the  lightnings  flashed,  and  loud  crashing  noises  hurst  on  the  ears  of  the  observers. 
Yet  after  all  the  climax  came  suddenly.  There  was  an  “  enormously  increased 
activity  over  the  whole  area,”  and  with  a  terriflc  noise  the  great  black  cloud  surged 
from  the  crater,  and  in  one  torrent  poured  down  upon  the  valleys  and  right  out 
to  sea. 

Captain  C alder  was  of  opinion  that  the  cloud  ascended  in  the  air  and  then  curled 
over  and  came  down  the  mountain  slopes  exactly  in  the  same  way  as  some  have 
described  the  fatal  Iflast  in  Martinique  : — “  As  the  top  of  the  stupendous  cloud 
bent  over  toward  our  little  village  the  weird  fascination  gave  place  to  a  feeling  of 
impending  doom.  It  was  vividly  apparent  that  in  a  very  short  space  of  time  this 
dust-charged  pall  of  sulphurous  smoke  must  envelop  the  distilct  for  miles.”  + 

The  eru})tion  of  Pelee  on  IMay  24th  was  seen  by  Professor  Hill.  He  describes 
it  in  the  following  words|  ; — 

“  Stepping  out  of  the  door  I  saw  before  me  a  perfect  tropical  night.  Not  a  cloud  obscured  the  starlit 
firmament.  Suddenly,  to  the  north  and  above  Pelee,  there  was  a  dim  Hare  of  light  like  the  sheet¬ 
lightning  of  a  summer  storm.  This  was  the  reHection  of  the  incandescent  molten  mass  within.  Following 
this  a  great  spherical  cloud,  with  hundreds  of  boiling  and  seething  coin'olutions,  slowly  rose  above  the 
vent.  It  had  hardly  appeared  before  it  was  followed  by  a  blinding  flash  of  light,  like  a  great  gun  flash, 
from  the  mouth  of  the  crater,  accompanied  by  long,  deep-pitched  detonations  from  the  Ijosom  of  the 
mountain.  Over  the  crater’s  rim  followed  a  fountain  shower  of  incandescent  pumice,  which  looked  like 
molten  fire.  Hardly  had  the  cloud-ball  reached  the  air  when  around  and  through  it  flashed  a  thousand 
lightning-like  streaks,  with  here  and  there  great  balls  of  fire.  Vhile  standing  in  mute  amazement 
observhig  this  phenomenon  at  the  apparently  safe  distance  of  some  3  miles,  I  was  horrified  to  see  the  cloud 
fall  suddenly,  flatten,  and  float  out  horizontally  into  the  sky  like  an  aerial  river  directly  toward  and  above 
me — a  ribbon  of  inky  blackness,  and  coming  slowly,  yet  so  fast  that  it  was  easy  for  me  to  see  that  it  was 
not  to  be  escaped  by  running.” 

According  to  Professor  Hill’s  shitemeuts  it  would  appear  that  tlie  black  cloud 
floated  out  horizontally  in  the  air.  If  so  it  cannot  liave  been  of  the  same  nature  as 
those  we  saw  on  July  9th  or  that  of  May  8th,  for  these  flowed  along  the  ground. 
But  in  this  case  also  it  came  suddenlv  with  a  loud  noise  and  a  Inio-ht  liolit  from  the 

J  O  O 

crater.  The  “  fountain  shower  of  incandescent  pumice”  was  the  avalanche  of  red-hot 
ashes,  which,  as  a  rule,  is  visible  only  aftei'  dark. 

*  Mr.  T.  M.  McDonald’s  Diary,  ‘Sentry’  Newspaper,  Kingstown,  St.  Vincent,  May,  1902. 
t  ‘Century  Magazine,’  vol.  Ixiv.,  p.  636,  1902. 
i  ‘Century  Magazine,’  September,  1902,  vol.  Ixiv.,  p.  77S, 
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On  July  9tli,  when  we  were  ofif  Carbet,  there  were  two  black  clouds.  It  was 
obvious  before  the  first  emerged  that  activity  was  increasing,  but  not  in  our  opinion  to 
a  dangerous  degree.  The  first  cloud  w^elled  out  quietly  in  the  twilight,  and  was  quite 
a  small  affair.  It  was  black  from  the  first — -a  surging,  foaming,  boiling  mass.  Slowly 
it  gathered  speed,  and  came  rushing  along.  The  second  was  much  larger,  and  in  the 
darkness  we  coidd  see  that  with  it  there  was  a  glowing  avalanche  of  red-liot  dust. 
It  came  doAvn  with  far  higher  velocity,  hut,  like  the  other,  slowed  down  rapidly  when 
it  reached  the  sea.  With  the  first  we  heard  no  noise,  with  the  second  there  was  a 
loud  angry  growl.  Botli  were  full  of  lightnings,  and  in  the  features  of  their  surface 
so  like  that  no  essential  difference  could  be  distinguished  between  them. 

It  is  in  all  cases  difficult  to  learn  what  happens  after  the  great  black  cloud  has 
passed.  Not  many  survive  that  experience,  and  the  terrible  shock  they  receive 
unfits  them,  as  a  rule,  for  making  exact  observations  of  what  is  going  on  around 
them.  But  thei'e  are  a  few  both  in  St.  Vincent  and  in  Martinique  who  have  passed 
through  that  ordeal  of  fire,  and  their  recollections  of  what  followed  are  interesting, 
and  at  any  rate  worth  placing  on  record. 

In  the  Carib  Country  of  St.  Vincent,  as  already  described,  the  hot  wave  lasted  a  few 
minutes,  perhaps  at  most  two  or  three.  The  darkness  was  absolute  at  first,  but 
cleared  slowly  till  it  was  possible  to  make  one’s  way  about  in  the  open  air,  but  not 
within  the  homes.  The  mountain  continued  to  thunder  and  roar ;  hot  stones  fell 
through  the  air ;  there  was  a  strong  smell  of  sulphurous  acid,  and  the  fine,  dry  du.st 
irritated  the  eyes  and  throat.  Ap])arently  there  was  no  rain,  and  no  second  visitation 
Ipy  the  dread  and  deadly  cloud,  but  great  explosions  of  steam  wei'e  taking  place 
within  the  crater,  and  foi’cing  into  the  air  quantities  of  dust,  stones,  scoria,  and 
l:)ombs,  which  fell  in  a  continuous  hail  on  all  the  country  round.  The  moimtahi  was 
veiled  in  clouds  of  ashes  and  vapour,  and  no  one  on  the  island  could  see  what  was 
taking  place  there  till  the  morning  of  the  next  day.  But  the  noises,  the  rocking  of 
the  ground,  the  continuous  fall  of  stones  and  ashes,  exactly  resemble  the  features  of 
eruptions  of  the  usual  type  in  which  the  explosive  violence  of  the  steam  within  the 
magma  acts  mostly  in  an  upward  dii-ection. 

This  is  also  true  of  the  later  eruptions  of  the  Soufriere  during  May  of  this  ^^ear. 
For  hours  the  mountain  roared,  and  stones  and  dust  fell  through  the  air,  landing  with 
great  force.  But  there  was  no  second  outburst  of  the  black  cloud,  and  nothing  which 
can  he  regaixled  as  in  any  way  unusual  in  an  explosive  volcano.  Having  delivered 
itself  of  the  avalanche  of  dust,  the  A'olcano  settles  down  to  spout  its  gigantic  column 
of  va})our  into  the  air,  .sending  up  with  it  great  cpiantities  of  fine  du.st  and  hot  stones, 
and  this  goes  on  till  the  subterranean  forces  are  exhausted,  and  a  period  of  quiescence, 
or,  at  least  greatly  reduced  activity,  ensues. 

At  St.  Pierre  hardly  one  was  left  to  tell  the  tale  of  destruction,  and  those  whose 
lives  were  spared  were  so  busy  in  taking  mea.sures  to  relieve  pain  and  escape  from  the 
fatal  harbour  that  they  had  little  time  to  attend  to  the  scientific  ]>henomena.  But 
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from  the  narratives  of  Captain  Feeeman  and  Mr.  Ellery  Scott,  A\'e  can  glean  a 
few  particulars  as  to  what  happened  during  the  time  they  spent  before  the  city. 
The  great  cloud  passed  in  a  few  minutes,  and  the  air  cleared  sufficiently  to  enalde 
them  to  see  the  hnrnino’  streets  and  the  inhabitants  fleeing  hither  and  thither, 
stricken  to  death  with  wounds  and  burns.  No  second  incursion  of  tliat  destroying 
cloud  swept  over  them.  The  air  was  thick  with  dust,  hot  stones  were  falling  freely, 
and  the  mountain  boomed  in  the  distance.  At  times  the  darkness  lifted  a  little,  till 
they  could  make  out  more  clearly  the  details  of  the  awful  scene  on  shore.'*  Working 
backward  and  forward  to  free  his  steering  gear  from  the  dust  with  which  it  was 
jammed,  the  captain  of  the  “  Roddam  ”  had  still  light  to  see  the  land  and  to  avoid 
collision  with  the  wrecked  and  burning  ships  which  strewed  the  bay.  The  “  Roraima” 
was  ablaze ;  most  of  the  crew  and  passengers  were  dead  ;  she  lay  a  helpless,  burning 
hulk,  but  those  who  were  alive  took  steps  to  put  out  the  flames,  and  were  at  least 
able  to  keep  them  in  check  till  3  o’clock  in  the  afternoon,  when  the  French  cruiser 
“  Suchet  ”  came  in  and  took  them  off.  This  was  about  seven  hours  after  the  great 
explosion,  and  it  seems  that  at  Pelee  the  jDeriod  of  comparative  quiescence  followed 
much  sooner  than  at  St.  Vincent,  where  the  noises  and  the  rain  of  stones  continued 
for  12  or  15  hours. 

Tlie  later  stages  of  the  eruption  of  May  26th  are  not  recorded  by  Professor  Hill, 
and  on  July  9th  we  could  not  sav  exactly  what  followed  the  descent  of  the  red-liot 
avalanche  and  the  black  cloud,  for  the  mountain  was  concealed  in  a  mass  of  dust 
and  vapours,  and  we  wei'e  gradually  increasing  our  distance  from  it.  But  we 
believe  that  on  that  night  the  activity  was  short-lived,  and  soon  came  to  an  end. 

4.  The  Concluding  Stages. — The  concluding  phases  of  these  eruptions  are  in 
most  respects  similar  to  the  preliminary  stages,  except  that  the  activity  is  now 
constantly  decreasing.  Steam  rises  from  the  crater  in  rolling,  expanding  clouds, 
densely  charged  with  fine  dust,  which  gives  them  a  slaty-grey  colour.  The  Soufrieie 
relapsed  into  complete  inactivity  in  seven  or  eight  days,  to  break  out  again  after  a 
week’s  repose.  Montague  Pelee  has  continued,  between  the  greater  outbursts,  to 
send  out,  more  or  less  frequently,  the  cauliflower  steam  clouds  which  well  from  the 
fissure  in  its  side.  In  other  respects  the  two  mountains  have  behaved  in  much 
the  same  way  when  the  jieriod  of  Availing  violence  arrived.  Each  day  they  haAm 
been  less  active  than  on  the  preAUOus  one,  Avith  occasional  rare  and  temporary 
exceptions,  on  which  the  discharges  increased  for  a  feAv  hours  to  again  diminish  more 
rapidly  than  before. 

In  St.  Vincent  the  eruption  of  May  7th  aa^s  followed  by  that  of  the  9th,  Avithout 
any  inteiwening  cessation;  l)etween  that  of  the  9th  and  that  of  the  18th  there  aaus 
a  considerable  |muse.  After  the  eruption  of  the  8th  at  Pelbe  came  that  of  the  20th, 
and  then  that  of  May  26th.  On  June  6th  another  took  place,  and  thereafter  for  a 

*  Professor  Lacroix  and  his  colleagues  state  that  the  sky  cleared  in  one  hoiu’  after  the  passage  of  the 
black  cloud.  “  Sur  I’Eruption  de  la  Martinique,”  ‘  Conijites  Rendus,’  a^oI.  cxxxaa,  p.  425. 
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month  there  was  no  great  outburst.  It  is  true  that  several  have  been  recorded  both 
from  St.  Vincent  and  fiom  Martinique  on  other  dates,  but  in  the  former  case  they 
were  false,  and  in  the  latter  we  have  good  reason  for  believing  they  were  trivial,  or 
did  not  occur  at  all.  So  excitable  is  the  population  after  the  terrible  events  of 
this  spring,  and  so  willing  are  the  newspapei\s  to  publish  sensational  news  without 
inquiring  as  to  its  veracity,  tliat  many  eruptions  have  been  reported  which  never 
happened.  On  Pelee  there  was  an  outbreak  on  July  9th,  and  two  minor  ones  on 
tlie  nth  and  the  loth,  and  between  these  dates  the  smaller  steam  clouds  were 
frequently  emitted,  though  for  hours  at  a  time  none  might  be  seen,  and  as  on  the 
afternoon  of  the  11th,  when  we  passed  along  the  base  of  the  mountain,  there  might 
he  nothing  to  indicate  its  deadly  virulence  except  the  hot  water  in  the  streams,  and 
the  thin  coating  of  fine,  })ale-gTey  ashes  which  had  been  scattered  over  its  surface 
that  veiy  morning. 

The  Avalanche  of  Sand  and  the  great  Black  Cloud. 

A  synthetic  study  of  the  features  of  these  remarkable  discharges,  so  far  as  they 
are  known  to  us  from  our  own  observations  and  tliose  of  eye-witnesses  on  whom  we 
can  I'ely,  involves  the  discussion  of  many  matters  which  are  more  or  less  theoretical ; 
and  we  have,  in  consequence,  thought  it  best  to  separate  this  part  of  our  Report 
from  the  previous  chapters  in  which  we  descril^e  what  we  and  others  have  seen. 
Inferring  oidy  indirectly  to  the  underlying  causes. 

All  witnesses  agree  that  the  gi'eat  black  cloud  consists  of  dust,  stones,  and  gases 
at  a  very  high  temperature,  and  moving  with  a  great  rapidity.  But  as  yet  it  is 
impossible  to  give  a  complete  description  of  its  properties,  though  sufficient  evidence 
is  available  to  enable  us  to  consider  its  outstanding  features  and  to  justify  an  attempt 
to  explain  them. 

The  Beginning  of  the  Blast. — We  have  ourselves  observed  one  of  the  black  clouds 
emerge  from  the  crater  and  come  rushing  down  the  hill,  and  have  already  described 
what  we  saw  on  that  occasion.  The  evening  of  July  9th  was  perfectly  clear,  and 
the  mouth  of  the  fissure,  on  the  south-west  side  of  Pelee,  was  clearly  visible  from 
where  we  weie  anchored,  a  little  north  of  Carbet.  The  little  black  cloud  ball  rose 
from  tlie  crater  and  rested  on  the  lip,  tumbling  and  seething  ;  it  lay  there  for  a 
little  time,  then  began  to  travel  down  the  hill,  at  first  slowly,  then  fiister  and  faster, 
till  it  rushed  down  tlie  lower  slopes  with  a  velocity  which  must  have  approached 
100  miles  an  hour. 

Others  have  seen  the  black  cloud  rise  from  the  fissure,  but  their  descriptions  do 
not  entirely  agi'ee  with  ours.  Several  descrihe  it  as  rising  in  the  air  a  considerahle 
distance  and  tlien  curving  downwards  as  if  it  overbalanced  itself  It  is  probable 
that  in  the  larger  outbursts  a  considerable  mass  of  dust  is  projected  up  into  the 
air  ;  and  as  this  black  cloud  is  too  heavy  to  ascend  or  to  be  waited  away  by  the 
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wind,  when  its  upward  energy  is  spent  it  sinks  to  the  ground,  owing  to  its  own 
Aveight,  and  then  floAA^s  down  the  hill.  But  if  we  consider  the  great  eruption  of 
the  Soufriere  and  the  enormous  amount  of  hot  dust  AAdiich  was  then  shot  into  the 
Amlleys,  it  seems  quite  unlikely  that  more  than  a  small  fraction  of  this  AAms  elevated 
to  any  great  height  above  the  crater.  The  bulk  of  the  material  must  have  swept 
down  in  a  river  of  hot  sand,  though  over  it  a  lighter  cloud  Avould  form,  consisting 
mostly  of  hot  gases  densely  chai'ged  Avith  dust. 

All  Avitnesses,  however,  agree  that  the  outburst  appears  in  the  form  of  a  cloud, 
which  rises  to  a  certain  height,  and  then  flows  over  the  surface  of  the  ground.  None 
have  seen  it  in  the  form  of  a  fluid  molten  laAm.  Professor  Hill  describes  the  black 
cloud  of  May  26th  as  floating  out  horizontally  in  the  air,  but  in  this  respect  that 
eruption  differs  entirely  from  all  the  others. 

The  mixture  of  dust  and  gases  is  so  heavy  that  it  courses  doAvn  the  slopes  like 
a  torrent  in  a  rNer,  clinging  to  all  the  Amlley  bottoms,  ever  availing  itself  of  the 
steepest  descents,  and  deflected  by  the  projections  and  irregularities  of  the  ground. 
That  it  does  so  we  are  convinced,  not  only  from  our  oAvn  observations  of  its  effects 
on  the  Soufriere  and  in  St.  Pierre,  but  also  from  what  we  saAV  on  the  night  of 
July  9th.  The  black  cloud  poured  doAvn  the  hill  like  a  torrent  of  inky  AAmter, 
except  that  it  spread  out,  expanded,  and  its  upper  surface  rose  slowly  in  the  air 
as  it  advanced.  This  explains  also  AApy  the  great  mass  of  the  ejecta  at  the  Soufriere 
came  doAAui  the  south  side  of  the  hill,  where  the  crater  rim  is  loAA^est,  Avhile  the  north 
side  was  spared,  as  the  Somma  Avail  protected  it. 

That  a  mixture  of  gases  and  dust  should  behaA’e  in  this  AA^ay  is  certainly  remarkable, 
but  similar  phenomena  are  to  be  obserA^ed  in  connection  Avith  even  the  minor  steam 
jets  emitted  by  Montagne  Pelee.  Professor  Lacroix  and  his  colleagues  describe  : 

“  Waves  of  dense  A^apour,  heavy,  dark  coloured,  often  coppery,  Avhich  roll  over  the 
external  taluses  of  the  crater,  and  doAAm  to  the  bottom  of  the  fissures  in  the  region  of 
the  Riviere  Blanche.  They  are  probably  puffs  of  gas  and  steam  very  richly  charged 
Avith  ashes.”  It  is,  moreover,  not  uncommon,  Avhen  a  steam  cloud  larger  than  usual 
has  been  ejected,  to  see  its  loAver  part  dark,  heaAy,  and  laden  Avith  dust,  rolling  oA^er 
the  surface  of  the  ground,  Avhile  its  summit  of  pure  white  steam  steadily  mounts  into 
the  air. 

In  considering  this  property  of  perfect  fluidity,  Avhich  the  black  cloud  possesses,  Ave 
must  remember  its  origin.  Within  the  crater  it  AA^as  a  molten  magma,  in  Avhich  a 
considerable  number  of  small  crystals  floated  in  a  liquid  Avhich  contained  enormous 
quantities  of  occluded  steam.  As  it  rose  in  the  throat  of  the  volcano  the  relief  of 
pressure  alloAA^'ed  the  gases  to  expand,  and  to  free  themselves  from  the  liquid  in  which 
they  were  held.  Sooner  or  later  the  cohesion  of  the  licjuid  AA^as  overcome,  and  from 
a  spongy  froth  the  mass  changed  to  a  cloud  of  particles,  mostly  solid,  but,  perhaps,  in 

*  MjM.  a.  Lacroix,  Roller  de  lTsle  &  Giraud,  “  Sur  rRruption  de  la  IMartiiiique,”  ‘  Comptes 
Rendus,’  \'ol.  cxxxal,  p.  380.  See  also  vol.  cxxxv.,  p.  426. 
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some  part  liquid,  each  surrounded  on  all  sides  by  films  of  expanding  gases,  and  thus 
the  mixture  of  the  ingredients  from  the  first  was  perfect.  Around  each  gram  of  dust 
there  was  a  film  of  gases  ready  to  expand  enormously  when  the  mass  reached  the 
upper  air. 

The  amount  of  expansion  of  which  these  gases  are  capable  is  so  great  as  to  he 
almost  incredible.  The  small  black  l)all  of  cloud,  which  we  saw  emerge  on  July  9th, 
in  a  feAv  minutes  was  a  great  black  mass,  wiiich  covered  more  than  a  square  mile,  and 
the  white  steam,  Avhich  shoots  upwards  in  the  air  when  the  cloud  is  dead,  is  still 
actively  expanding  at  a  great  rate.  This  leads  us  to  wonder  whether,  when  the  cloud 
emerges,  it  may  not  be  partly  at  least  composed  of  molten  droplets,  which,  when  they 
cool  and  pass  into  the  solid  condition  as  the  cloud  rolls  on,  give  out  gases  which,  till 
then,  had  been  physically  occluded  or  alrsorbed  in  the  liquid.  The  mere  pressure 
within  the  crater  would  almost  seem  insufficient  to  compress  so  great  a  volume  of  gas 
into  so  small  a  sjoace,  especially  when  we  rememljer  the  very  high  temperature  of  the 
mass. 

As  this  turbulent  mixture  of  expanding  gases  and  fine  dust  pours  down  the  .surface 
of  the  mountain,  the  small,  solid  grains  are  unable,  at  first,  to  rest  on  the  ground, 
even  when  they  may  have  sunk  to  the  base  of  the  cloud,  and  they  are  swept  up  again, 
and  borne  along  till  they  reach  .some  sheltered  hollow,  or  the  violence  of  the  expansive 
forces  lessens  and  the  turmoil  diminishes. 

As  noted  by  Professor  Lacroix  and  his  colleagues,"^  the  cloud  cools  more  rapidly 
when  it  passes  over  the  sea  than  over  the  land,  as  witness  the  more  complete 
destruction  of  the  south  end  of  St.  Pierre  than  of  the  “  Roraima  ”  and  other  ships, 
which  were  lying  off  the  shore.  The  explanatioji  is  simple  ;  when  the  hot  dust  falls 
on  the  sea  it  can  rise  no  more.  The  sea  also,  owing  to  its  higher  specific  heat,  rises 
more  .slowly  in  temperature  than  the  land  surface,  and,  though  it  may  be  raised  to 
lioiling  point,  it  cannot  exceed  this.  There  is  no  such  limit  to  the  possible  temperature 
of  dry,  bare  earth.  By  the  trapping  of  the  dust  and  the  cooling  of  the  gases  in 
contact  with  the  water  the  cloud  soon  loses  its  heat,  and  with  that  its  power  of 
buoying  up  the  solid  matter  it  contains. 

The  temperature  of  the  magma,  when  it  rises  within  the  crater,  can  be  fixed  within 
certain  limits,  though  these  are  not  very  jirecise.  We  know  that  it  was  bright  red 
hot,  for  all  who  have  seen  it  at  night  have  described  it  as  incandescent.  When  the 
cloud  struck  the  north  end  of  St.  Pierre  the  dust  was  hot  enoucii  to  set  fire  to 
combustible  articles,  but  did  not  fuse  tlie  copper  wires  of  the  telephone  apparatus,  or 
melt  objects  of  brass  or  tin.  And  in  the  liquid  within  the  crater  were  floating- 
crystals  of  hypersthene  and  plagioclase  felspar  in  great  abundance,  and  in  such 
perfection  of  crystalline  form  as  to  indicate  that  they  had  formed  by  crystallization 
out  of  a  cooling  molten  mass.  Professor  JoiA"  gives  the  melting  ])oint  of  labradorite 

*  “  Snr  I’Eruption  de  la  IMartiiiique,”  ‘  Comptes  Eendus,’  vol.  cxxxv.,  p.  424. 
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as  1229°  but  this,  of  course,  is  in  the  dry  condition  and  under  atmospheric 
pressure,  not  in  a  magma  saturated  with  steam. 

The  velocity  of  the  black  cloud  is  difterent  in  different  parts  of  its  course.  So  far 
as  our  observations  go  it  is  comparatively  low  at  first,  and  increases  as  it  sweeps 
down  the  hill  till  it  is  probably  at  a  maximum  just  before  it  reaches  the  plains 
beneath,  or  the  sea.  Then  it  again  diminishes,  and  rapidly  slows  down,  as  is  well 
seen  in  St.  Vincent  by  its  effects  on  the  trees.  We  have  compared  its  violence  to 
that  of  a  hurricane  or  tornado,  but  in  many  w’^ays  the  comparison  does  not  hold  good. 
For  ecpial  velocities  the  destructive  effects  of  the  dust  cloud  must  have  been  con¬ 
siderably  greater  than  that  of  any  wind,  for  the  weight  of  tlie  mass,  or  rather  its 
momentum,  is  high,  owing  to  the  density  of  the  mixture  of  gases  and  of  dust.  Tliis 
is  much  heavier  than  air,  and  flows  along  the  ground,  bnt  lighter  than  water,  on 
Avhich  it  always  floats. 

There  are  a  few  facts  which  seem  to  show  that  the  mere  weiofit  of  the  cloud  did 

o 

much  damage,  as,  for  example,  that  the  hatches  of  the  “  Roraima  ”  were  stove  in.| 
We  looked  in  St.  Vincent  for  similar  effects,  but  found  none,  even  on  Lot  14,  which 
was  nearest  the  crater.  The  roofs  had  in  some  cases  collapsed,  })robably  with  the 
weight  of  ashes  which  gathered  througli  the  night.  Many  windows  were  broken, 
apparently  by  falling  stones,  as  in  Geoi'getown.  There  was  no  evidence  that  a  great 
aerial  shock,  such  as  follows  an  explosion  or  the  discharge  of  large  guns,  had  broken 
the  windows,  though,  as  it  was  about  mid-day,  they  were  probaldy  open,  and  may 
have  escaped  in  consequence. 

Professor  Lacroix  and  his  colleagues  |  consider  that  the  blast  which  destroyed 
St.  Pierre  covered  a  distance  of  8  kilometres  in  three  minutes.  No  very  good 
evidence  is  available  on  which  to  base  exact  estimates.  When  the  blast  passed 
over  the  north  end  of  the  town  it  was  travelling  with  a  velocity  certainly  over 
100  miles  an  hour,  Imt  before  it  got  to  the  Morne  d’ Orange,  at  the  soutli  end,  it  had 
considerably  slowed. 

The  fundamental  question  remains  to  be  discussed — What  is  the  source  of  the 
energy  which  drives  the  cloud  along  ?  To  this  we  believe  there  is  only  one  answer — 
The  motive  power  is  supplied  by  the  weight  of  the  mass.  It  is  in  a  condition 
comparable  to  that  of  a  heavy  and  mobile  fluid  which  has  been  elevated  by  the 
volcanic  forces  and  poised  on  the  edge  of  the  crater,  and  proceeds  to  flow  downward 
in  obedience  to  tlie  law  of  gravitation.  This  is,  to  our  minds,  the  only  conceivable 
explanation  of  what  we  saw’-  on  the  evening  of  July  9th.  The  little  black  cloud  rose 
from  the  crater  exactly  like  a  puff  of  steam,  but  lower  and  more  globular.  It  did  not 

*  The  melting  point  of  hypersthene  has  not  l)een  ascertained,  bnt  that  of  enstatite,  a  less  ferriferous 
rhombic  pyroxene,  is  given  as  1295°  C.  The  melting  point  of  difterent  kinds  of  monoclinic  pyroxenes 
ranges  between  1187°  C.  and  1300°  C. 

t  ‘Cosmopolitan,’  July,  1902,  p.  250. 

X  “  Sur  I’Eruption  de  la  Martinicpie,”  ‘  Comptes  Eendus,’  vol.  cxxxv.,  p.  425,  1902. 
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start  its  rush  down  the  slopes  at  once,  but  rolled  and  tumbled,  squirted  and  seethed, 
for  quite  a  perceptible  time.  Then  it  began  to  move  with  greater  and  greater  speed 
down  the  hillside.  Faster  and  faster  it  came  till  it  struck  the  sea,  when  its  velocity 
Ijegan  to  diminish,  at  first  slowly,  then  more  and  more  rapidly.  It  was  like  a 
toljop’p’an  on  a  snow  slide.  It  was  not  the  blast  of  a  o;un,  it  was  the  rush  of  an 
avalanche.  Gravity  did  the  work  and  supplied  the  energy.  There  was  no 
explosion  ;  had  there  been  any,  we  would  certainly  have  seen  it.  The  lightnings 
were  visible  only  when  the  cloud  came  near. 

Like  an  avalanche,  it  drives  the  air  before  it  and  parts  it  on  each  side.  In  the 
statements  of  Captain  Fueevan  and  Mr.  Scott  there  is  the  clearest  eGdence  that  the 
Idast  struck  the  vessels  and  heeled  them  over  before  the  hot  dust  began  to  fall*  : — 
“  On  a  sudden  he  (Captain  Freemax)  heard  a  tremendous  noise,  as  though  the  entire 
land  had  parted  asunder.  Simultaneous  with  the  noise  there  was  a  great  rush  of 
wind,  which  immediately  agitated  the  sea,  and  tossed  the  shipping  to  and  fro.  He 
rushed  out  of  the  chart-room,  and,  looking  over  the  town  and  across  the  hills,  he  saw 
a  sight  he  cannot  describe.  He  remembers  calling  out  to  Mr.  Campbell  and  saying, 

‘  Look  I  ’ — -and  then  an  avalanche  of  lava  was  upon  them.” 

But  these  discharges  are  not  mere  avalanches ;  they  are  more,  for  they  have 
properties  unlike  those  of  avalanches,  and  by  means  of  which  they  approach  more 
clo.sely  to  l^lasts.  In  an  ordinary  avalanche  the  gases  are  more  or  less  accidentally 
involved,  and  form  only  a  small  part  of  the  whole  mass.  They  are  compressed  by 
the  weight  of  the  moving  solid  mass,  and  when  that  pressure  is  relieved  they  expand 
again. 

But  here  their  presence  is  essential ;  they  are  an  original  part  of  the  mass,  and 
without  them  there  would  be  no  flow.  They  are  expanding,  surging  of  their  own 
inherent  energy,  and  lift  the  dust  and  sweep  it  along,  while  tlie  dust  in  turn  fetters 
them  and  compels  them  to  keep  to  the  surface  of  the  ground. 

The  dust  avalanches,  or  blasts  emitted  by  these  two  volcanoes  during  the  recent 
eruptions,  though  essentially  similar,  show  minor  points  of  difference.  The  fii’st 
discharges  have  been  in  both  cases  those  which  contained  most  solid  matter.  In 
particular,  the  great  avalanche  which  blocked  the  Wallibu  and  Babaka  Valleys  in 
St,  Vincent  on  May  7th  must  have  consisted  to  so  great  an  extent  of  red-hot  sand 
that  it  may  best  be  pictured  as  rivers  of  dust  and  stones  flowing  down  from  the 
crater.  But  before  the  main  avalanche,  and  on  each  side  of  it,  a  great  black  cloud 
swept  over  the  country  ;  it  consisted  mostly  of  gases,  though  laden  with  hot  dust, 
and  resembled  a  hot  blast  far  more  than  an  avalanche. 

On  Montague  Pelee  also  the  first  ei'uption  probably  sent  out  more  solid  matter 
than  an}^  of  the  others,  and  was  consequently  more  like  an  avalanche  than  those 
which  succeeded  it. 

*  Blue  Book  :  “  Correspondence  relating  to  the  Volcanic  Eruptions  in  St.  Vincent  and  Martinique  in 
May,  1902,”  p.  45. 
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It  will  be  imderstood  also  that,  as  a  rule,  the  greater  the  mass  of*  material  ejected 
the  farther  the  avalanche  travels,  and  the  greater  is  the  black  cloud  which  accom¬ 
panies  it.  On  July  9th  the  first  black  cloud  was  small,  and  soon  came  to  rest ;  the 
second  was  much  larger,  and  nearly  overwhelmed  us.  Of  course,  we  could  not  say 
what  was  the  absolute  velocity  of  either  at  any  point  in  its  course,  but  certainly  the 
second  rushed  out  J^wice  as  far  as  the  first  across  the  bay. 

Probably  the  mass  is  never  homogeneous  throughout  at  any  point  after  it  has  left 
the  crater.  The  heavier  solid  ingredients  must  gradually  sink  to  the  bottom  and 
flow  over  the  ground,  while  the  lighter  gases  will  tend  to  rise  to  the  surface  and  to 
dilate  laterally.  Thus  from  an  early  period  in  its  history  the  cloud  will  have  a  heavy 
base,  in  which  the  solid  particles  preponderate,  and  an  upper  part  lighter,  and 
relatively  richer  in  gases.  The  black  cloud  covers  and  envelopes  a  hot  avalanche. 
The  surface  and  sides  of  the  mass  are  in  contact  with  the  air,  mix  with  it,  and  are 
cooled.  Hence  those  towards  whom  the  cloud  is  coming  may  see  a  black  advancing 
front,  while  when  encircled  by  it  they  find  it  incandescent  and  red  hot.  That  must 
have  been  the  case  with  the  unfortunate  inhabitants  of  the  north  end  of  St.  Pierre. 

When  we  keep  in  mind  the  composite  nature  of  these  discharges,  it  becomes  possible 
for  us  in  some  measure  to  understand  the  peculiar  properties  they  possess  at  different 
points  in  their  course  and  in  different  stages  of  their  development.  When  they  rise 
from  the  crater  the  gases  are  in  a  condition  of  indescribable  turmoil,  and  buoy  up  the 
vast  quantity  of  hot  sand  they  bear  with  them.  Each  solid  particle  is  cushioned  on 
gases  violently  expanding,  and  the  temperature  of  the  whole  mass  is  exceedingly 
high.  Hence  it  seems  quite  probable  that  the  black  cloud  rushes  upwards,  and  may 
even  shoot  some  distance  into  the  air  and  fall  back  upon  the  slopes  of  the  mountain 
when  its  first  impulse  is  spent  and  its  first  heat  has  cooled.  We  may,  at  any  late, 
believe  that  the  whole  mass  has  then  a  mobility  which  it  no  longer  possesses,  when, 
by  the  expansion  of  the  gases,  by  mixture  with  the  air  and  by  contact  with  tlie  ground, 
its  teiiq)erature  has  been  lowered,  and  the  solid  matter  is  beginning  to  segregate  from 
the  gaseous,  each  taking  its  own  course. 

Some  such  explanation  is  required  to  account  for  the  manner  in  wliicli  tlie  upper 
part  of  the  black  cloud  of  May  7th  surged  over  the  Somma  wall  which  oveilooks  the 
crater  of  the  Soufriere,  and  poured  down  the  north  side  of  the  mountain.  The  same 
cloud  in  the  lower  part  of  the  valleys  of  the  Wallibu  and  Rabaka  Rivers  was  deflected 
by  even  comparatively  slight  lidges,  and  clung  helplessly  to  the  bottoms  of  the 
ravines — that  is  to  say,  its  lower  and  heavier  part  flowed  over  the  ground,  for  there 
is  good  evidence  that  above  this  there  was  an  enormous  mass  of  black,  dust-laden 
vapours  which  filled  the  whole  mountain  valley  between  the  Soufriere  and  Morne 
Garu,  cutting  down  and  sand-blasting  the  growing  trees,  tliough  the  mass  of  sand  it 
left  behind  was  comparatively  small. 

We  have  said  that  the  blast  which  levelled  the  walls  of  the  stone-built  houses  of 
St.  Pierre  was  about  as  vigorous  as  tliat  of  the  vSoufriere  at  equal  distances  from  the 
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crater,  while  the  amount  ot  solid  matter  dischaiged  was  very  much  smaller.  Several 
possible  explanations  of  this  offer  themselves.  It  may  be  that  the  velocity  of  the 
blast  is  greatest  at  that  point  where  the  slope  of  the  hill  gives  place  to  the  plain 
beneath,  and  the  city  stood  exactly  in  that  situation.  It  is  more  probable,  however, 
that  the  avalanches  of  Pelee  ai-e  of  a  more  mobile  and  fluid  character  than  those  of 
the  Soufiiere,  and  hence  acquire  a  greater  velocity,  and  this  must  be  a  consequence 
of  the  slightly  different  ]  )ro})ortions  of  gaseous  and  of  solid  matter  which  they  contain. 
To  judge  by  the  crystalline  state  of  the  dust,  as  revealed  by  the  microscope,  there 
can  have  been  no  very  great  difference  in  the  temperatures  of  the  two  magmas  at  the 
time  when  they  were  shivered  into  dust.  That  of  Pelee  contains  rather  more 
amorphous,  glassy  matter,  and  may  have  been  slightly  the  hotter  of  the  two,  but  not 
to  any  great  degree.  We  may  suppose  that  the  percentage  of  gases  in  the  dust 
cloud  of  Pelee  was  greater  than  in  that  of  the  Souffiere,  the  temperature  at  least 
equally  high,  the  interfusion  and  admixture  of  the  comj^onents  equally  perfect.  The 
one  may  be  compared  to  a  heavy  fluid,  extremely  mobile,  the  other  to  one  still 
heavier,  but  more  viscous.  It  would  seem  that  in  these  circumstances,  as  the  slopes 
down  wdiich  they  sped  were  about  equally  steep,  the  former  would  acquire  a  greater 
velocity  after  a  certain  specified  period,  or  after  covering  a  cei'tain  distance  from  the 
crater.  It  must  also  be  kept  in  mind  that  the  avalanche  emitted  by  Montague  Pelee 
on  May  8th  was  confined  to  a  very  limited  space,  and  that  the  north  end  of  St.  Pierre 
stands,  apparently,  not  far  from  the  centre  of  its  path. 

This  brings  into  prominence  one  property  in  wdiich  tliese  discharges  differ  from 
ordinary  avalanches.  They  have,  in  virtue  of  the  expanding  gases  with  which  they 
are  permeated,  the  powder  of  moving  down  slojies  much  gentler  than  those  on  which 
an  avalanche  coidd  start.  The  sides  of  Pelee  and  the  Souffiere  have  an  average 
inclination  of  12  to  15  degrees,  if  we  neglect  the  deep,  steep-sided  ravines  with  which 
they  are  seamed,  and  no  avalanche,  even  of  fine  snow,  would  move  on  such  gentle 
gradients.  Had  the  hot  sand  been  piled  up  there  it  would  have  rested  peaceably ; 
without  tlie  surging  gases  intermingled  wdth  the  solid  particles  there  would  have 
l)een  no  motion.  It  is  iK)t  correct  to  regard  these  cataracts  of  sand  as  mere 
avalanches  ;  the  idea  of  a  blast  is  also  essential,  if  Ave  are  to  form  a  proper  conception 
of  the  mechanism  in  operation. 

Several  other  explanations  have  been  advanced  to  account  for  the  manner  in  AAdiich 
the  deadly  cloud  of  the  Pelean  eruption  SAA'eeps  ovei-  the  ground,  but  does  not 
ascend  in  the  air  like  the  ordinary  steam  clouds  Avith  Avhich  all  geologists  are  familiar 
in  volcanic  outljursts.  One  of  these  Ave  may  call  the  hypothesis  of  oblique  discharges, 
the  other  the  explosion  hypothesis.  It  has  also  been  hinted  that  electricity  is 
responsible  in  some  way  or  other  for  the  deAmstation,  but  Ave  are  not  aA\-are  that 
anyone  has  as  3mt  formulated  any  Avorkable  hj^pothesis  on  this  liasis. 

The  great  V-shaped  fissure  AAdiich  looks  doAvn  on  Sf.  Pierre  from  near  the  summit  of 
Pelee  is  undoubtedly  responsible,  l)y  its  disposition  and  conformation,  for  the  course 
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which  the  discharges  take  as  they  sweep  down  the  mountain.  The  avalanche  of 
dust  rises  in  this  cleft,  it  tumbles  out  on  its  lower  or  southern  lip,  where  it  is 
hemmed  in  hy  walls  of  rock  on  all  sides  but  one.  We  can  easily  see  that  these  are 
powerful  factors  in  determining  the  path  along  which  the  blast  will  travel.  But  it 
has  also  been  stated ''  that  on  the  north  side  of  the  crater  there  are  visible  passages 
descending  obliquely  through  the  rocks  of  the  mountain,  and  it  is  from  these  the 
avalanche  of  sand  is  launched  in  a  direction  which  is  nearly  horizontal.  That  may 
be  so,  but  even  in  that  case  it  is  not  stated  that  these  fissures  are  above  the  southern 
lip,  or  that  they  can  emit  blasts  inclining  downward  at  an  angle  of  12  to  20  degrees 
from  the  horizontal.  And  if  from  these  fissures  the  dust-cloud  is  shot  obliquely 
upwards  so  as  to  graze  the  southern  rim  of  the  fissure,  it  still  remains  to  be 
explained  why  the  cloud  sinks  down  again  and  flows  over  the  surface  of  the  ground, 
refusing  to  rise  in  the  air  and  float  away  as  an  ordinary  cloud  would  certainly  do. 
This,  in  fact,  merely  postpones  the  difficnlties,  and  does  not  settle  them.  Moreover,  if 
such  an  explanation  were  possible  at  Pelee,  it  would  have  no  bearing  whatever  on  the 
eruptions  of  the  Soufriere,  as  there  the  crater  is  a  vast  bowl  about  half  as  deep  as  it 
is  broad  ;  the  black  cloud  could  never  have  been  shot  obliquely  from  tlie  bottom  of 
this,  down  the  mountain  side,  but  must  have  risen  nearly  vertically  into  the  air. 

The  explanation  proposed  by  Professor  Jaggar  t  is  of  a  different  kind  :  “  These 
horizontal  blasts  are  not  hard  to  account  for,  and  do  not  require  a  horizontal  nozzle 
to  project  them.  They  are  simply  the  effect  of  the  down  blast  after  the  heavy  gravel 
has  begun  to  fall,  acting  against  the  iipblast  from  the  throat  of  the  volcano,  and  both 
together  deflected  and  thrown  into  terrific  whirls  or  tornadoes  by  the  prevailing  wind, 
which  on  Mont  Pelee  is  north-east.”  He  would,  in  fact,  account  for  them  by  the 
resistance  which  the  sand  and  lapilli  falling  through  the  air  offered  to  the  ascent  of 
subsequent  discharges.  Mr.  E.  0.  Hov^ey  |  has  adopted  this  hypothesis  without 
essential  modification. 

Bnt,  in  our  opinion,  tliis  is  quite  incompetent  to  explain  the  iDehavlour  of  the  ifiack 
clouds  we  saw  on  the  night  of  the  9th  of  July.  Before  the  first  black  cloud  arose  no 
very  great  amount  of  dust  had  been  projected  into  the  air,  and  the  steam  clouds  were 
drifting  steadily  westwards  before  the  trade  wind  towards  Precheur.  Before  and 
after  the  appearance  of  the  black  cloud  tlie  steam  ascended  freely  and  apjDarently 
without  hindrance.  The  black  cloud  took  a  different  path,  and  once  it  had  rolled  a 
short  way  down  to  the  mountain  there  was  nothing  above  it  to  prevent  it  rising 
in  the  air  ;  but  it  hugged  the  surface  of  the  ground  so  closely  that  the  conclusion  was 
inevitable  that  it  flowed  down  merely  because  it  was  too  heavy  to  ascend. 

*  ‘American  Journal  of  Science,’  Series  IV.,  vol.  xiv.,  p.  73,  1902. 

t  T.  A.  Jaggar,  “  Field  Notes  of  a  Geologist  in  St.  Vincent  and  Martinique,”  ‘  Popular  Science 
Monthly,’  vol.  Ixi.,  p.  366,  1902. 

I  E.  0.  Hovey,  “  Martinique  and  St.  Vincent :  a  Preliminary  Report,”  ‘  Bixll.  Amer.  Museum  Nat. 
Hist.,’  vol.  xvi.,  p.  341. 

VOL.  CC. — A.  3  U 


514 


DTJs.  T.  ANDEUSOX  AXD  J.  S.  FLETT  OX  THE  EHUPTIOXS  OF  THE 


The  theory  of  explosions  has  also  won  a  certain  number  of  adherents,  among 
whom  are  several  distinguished  American  geologists.  That  there  was  an  explosion 
—  a  steam  explosion — is,  of  course,  admitted  by  all.  But  some  hold  that  there 
were  also  explosions  of  combustible  gases  attended  by  sheets  of  flame,  and  that 
these  took  place  either  during  or  shortly  after  the  outburst  from  the  crater. 
Our  ol)jection  to  these  theories  is  that  they  have  no  sufficient  basis  of  observed  facts 
on  which  to  stand.  Neither  wliat  we  know  about  the  gases  in  the  cloud,  nor  the 
recorded  observations  of  eye-witnesses  of  the  eruptions,  make  it  in  any  way  probable 
that  such  explosions  took  place  except  on  a  minor  scale,  or  that  they  had  an  essential 
jmrt  in  the  projjulsion  of  the  discharges. 

Many,  of  cour-se,  who  saw  tlie  great  ITack  cloud  emerge  from  Pelee  or  the  Soufriere 
descril)e  it  as  welliuGf  out  of  the  hill  vuth  sheets  of  flame.  But  students  of  volcanic 
})henomena  are  too  well  acquainted  with  such  descriptions  to  place  any  great  reliance 
upon  them.  The  popular  mind  is  not  careful  to  distinguish  between  a  mere 
incandescent  discharge,  or  the  glow  of  the  red-hot  surface  of  the  lava  reflected  fi’om 
overhanffino-  clouds,  and  true  sheets  of  flame.  The  belief  in  burnino;  mountains  dies 
hard. 

On  two  separate  occasions  we  have  witnessed  the  black  cloud  which  rises  from  the 
fissure  of  Pelee,  and  on  neither  did  we  see  any  flame.  Through  the  face  of  the  cloud 
lights  flickered  and  scintillated,  but  they  vmre  onl}^  lightnings.  We  have  cross- 
examined  many  careful  and  accurate  olrservers  who  have  seen  more  than  one  eruption 
of  the  Soufriere,  and  not  one  of  them  described  them  as  attended  by  flames.  Neither 
were  the  noises  they  heard  like  the  detonations  of  aerial  explosions,  thev  came  from 
within  the  mountain.  It  is  no  doubt  possilfle  to  obtain  declarations  from  eve- 
witnesses,  stouting  that  great  flames  were  visible,  hut  they  either  tweak  down 
altogether  on  careful  cross-questioning,  or  are  advanced  by  persons  too  uneducated, 
too  excited,  and  often  too  inaccin'ate,  to  give  evidence  of  any  value  in  matters  of  this 
sort. 

The  Gases  of  the  Cloud. — This  raises  the  question — What  were  the  gases  in  the 
cloud,  and  what  v^ere  their  properties  ?  Unfortunately,  this  is  a  subject  at  present 
imperfectly  knovm.  We  can  only  approacli  the  (piestion  by  indirect  methods  ;  no 
one  lias  bottled  a  sample  of  the  great  black  cloud.  But  ivhat  evidence  is  available  is 
singularly  consistent,  and  makes  it  higlily  improbable  that  great  explosions  due  to 
chemical  comliinations  between  the  gases  of  the  cloud,  or  between  these  gases  and 
those  of  the  atmosphere,  played  any  conspicuous  jiart  in  the  mechanism  of  the 
eruptions. 

The  gases  of  the  cloud  were  the  gases  of  the  andesitic  magma.  The  great  black 
mass  cleaved  the  air,  driving  it  aside  in  virtue  of  its  weight  and  the  expansive 
forces  within  it.  The  atmosphere  was  passive,  inert  ;  it  could  not  penetrate  to  the 
Interior  of  the  rushing  inky  torrent ;  only  at  the  margins,  where  the  cloud  sent  out 
curling  wreaths  of  dusty  vapour,  was  there  any  mingling  between  it  and  the  air. 
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Even  after  the  dust  had  settled  down,  and  the  steam  mounted  from  the  sea  and 
forced  a  path  obliquely  upwards  through  the  air,  the  white  cloud  cut  its  own  way, 
maintaining  its  separate  identity  for  a  prolonged  period. 

Of  these  gases  the  most  abundant  was  certainly  steam.  At  first  it  was  dry, 
invisible,  superheated  ;  afterwards  condensation  set  in,  and  it  formed  a  fleecy  cloud 
of  mist.  All  the  symptoms  of  the  injured  are  in  harmony  with  the  theory  that 
steam  and  hot  dust  were  the  deadly  agencies  at  work.  The  feeling  of  suffocation 
experienced  by  the  survivors,  and  the  exhaustion  of  the  air  so  that  it  did  not  supi^ort 
respiration,  are  all  explicable  in  this  way.  The  falls  of  moist  ash  and  of  hot  mud, 
which  were  more  or  less  local,  but  were  observed  by  many,  are  natural  consequences 
of  the  abundance  of  superheated  water  vapour. 

Next  in  abundance,  in  St.  Vincent  at  any  rate,  was  suljjhurous  acid.  All  the 
survivors  agree  in  this  ;  they  describe  it  as  the  smell  of  burning  matches.  Most  of 
the  medical  men  who  attended  to  the  injured  in  St.  Vincent  considered  that  dry,  hot 
steam  and  hot  dust  were  the  iDiincipal  components  of  the  cloud,  and  that  sulphurous 
acid  was  very  abundant,  so  abundant  that  it  might  have  even  caused  some  deaths, 
and  have  been  responsible  for  some  cases  of  bronchial  catarrh  and  pharyngitis, 
though  it  was  not  possible  to  separate  its  action  from  that  of  the  other  constituents, 
which  would  have  been,  on  the  whole,  similar.  On  account  of  its  smell,  the  sulphur 
dioxide  was  very  conspicuous,  but  it  did  not  leave  any  very  startling  effects.  We 
did  not  learn  of  anv  cases  of  bleachino-  or  discoloration,  or  of  the  formation  of  crusts 

V  C?  '  ' 

of  sulphite  or  sulphate,  on  any  objects  of  metal. 

In  St.  Vincent  sulphuretted  hydrogen  was  also  present  to  some  extent.  It  was 
recognised  by  several  competent  observers.  The  silver  ornaments  on  the  arms  of 
some  of  the  coolie  women  turned  black  in  a  minute  or  two.  Months  afterwards  the 
mud  around  the  crater  stank  of  sulphuretted  h3nlrogen  till  on  a  hot  day  it  gave  one 
a  headache.  But  the  medical  men  did  not  attribute  any  deaths  to  it  ;  symptoms  of 
poisoning  by  its  action  were  not  observed  ;  asjjhj'xiation,  burns,  and  shock  were  the 
chief  causes  of  death. 

It  may  be  that  in  realit}^  not  sulphuretted  hydrogen  but  metallic  sidjihides  (such 
as  calcium  sulphide)  were  originally  present,  and  that  in  presence  of  moisture  they 
were  decomposed  at  a  certain  temperatui'e,  and  hydrogen  sulphide  produced.  This  is 
the  most  probable  explanation  of  the  abundance  of  that  gas  in  the  month  of  June  in 
the  wet  mud  near  the  summit  of  the  hill. 

As  has  been  remarked  by  Professor  Lacroix  and  his  colleagues,  theie  was  com¬ 
paratively  little  sulphur  in  the  magma  of  Pelee,  and  analyses  show  that  it  is  certainly 
more  abundant  in  the  ejecta  of  the  Soufriere.  But  for  weeks  before  the  fatal  May 
8th  there  was  a  strong  smell  of  sulphuretted  hydrogen  in  the  streeta  of  St.  Pierre, 
and  the  old  name  Soufriere,  given,  to  the  Etang  Sec,  is  an  enduring  witness  to  the 
presence  of  that  gas.  All  the  Caribbean  volcanoes  emit  it ;  it  has  given  a  name  to 
many  a  crater  and  fumarole  in  the  various  islands.  It  was  certainly  present  in  the 
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great  black  clouds  in  Martinique,  and  on  the  night  of  July  9th  the  wet  ash  which 
fell  ujDoii  our  decks  smelt  of  sulphurous  acid,  though  not  strongly.  Sulphuretted 
hydrogen  is,  of  course,  combustible,  but  would  occasion  no  bright  flame,  and  its 
presence  cannot  be  blamed  for  the  devastating  forces  which  levelled  the  town. 

We  may  also  be  certain  that  other  gases  were  there,  some  of  them  highly 
inflammable,  but  it  is  impossible  to  believe  that  they  were  present  in  relatively 
large  amount.  In  this  line  of  inquiry  the  classic  researches  of  Fouque  on  the 
gases  of  the  andesitic  magma  of  Santorin  are  the  best  guides.  Hydrogen  and 
various  compounds  of  hydrogen  and  carbon  were  ascertained  by  him  to  be  present 
in  that  case,  and  there  is  every  probability  that  they  were  here  also,  but  there  are 
no  data  to  enable  us  to  judge  what  were  their  composition,  proportions,  and 
abundance.  They  may  probably  have  occasioned  tiivial  explosions,  but  could 
only  have  ignited  when  mixed  with  air — that  is  to  say,  on  the  outer  fringes  of 
the  cloud.  They  were  not  its  motive  force,  and  could  not  have  supplied  the  energy 
which  launched  it  on  its  errand  of  destruction. 

Hydrochloric  acid  has  been  mentioned  by  some  as  having  been  observed  in 
connection  with  certain  of  the  eruptions.  No  doubt  it  was  there,  but  as  it  has 
left  no  visible  effects,  so  far  as  we  knowq  we  cannot  suppose  it  to  have  been 
23lentiful.  Nitrogen  is  another  probable  component,  and  so  also  is  carbon  dioxide, 
which  accompanies  practically  all  volcanic  outbursts  ;  but  at  the  present  moment 
little  can  be  said  about  these,  for,  though  we  may  admit  that  they  were  present, 
the  evidence  resi^ecting  them  is  altogether  of  a  negative  kind.  There  is  nothing 
to  show  that  they  played  any  important  part  in  the  mechanism  of  the  eruptions. 

It  has  been  suggested  by  Professor  Verrill"^  that  the  dissociation  of  steam 
within  the  volcano  produced  an  explosive  mixture  of  h^xli'ogen  and  oxygen  which 
combined  with  violence  on  emerging  from  the  mouth  of  the  crater,  and  that  this 
explosion  explains  the  disastrous  force  which  razed  the  city  of  St.  Pierre.  That  such 
dissociation  takes  place  to  a  certain  extent  is  made  probable  by  the  researches  of 
FoUQU^,t  but,  owing  to  the  enormous  pressures,  this  could  have  affected  only  a  small 
part  of  the  watei-  in  tlie  magma,  which,  moreover,  was  at  a  temjjerature  not  vei'y 
much  higher  than  that  at  which  steam  begins  to  be  dissociated  at  atmospheric 
pressure. 

The  crystalline  minerals  which  were  floating  in  the  magma  before  eruption 
show  that  it  was  at  a  temperature  of  less  than  1200°  C.,  and  this  renders  it 
probable  that  the  amount  of  dissociation  produced  would  Ije  quite  inconsiderable. 
The  magma  of  Santorin,  to  judge  by  the  nature  of  the  jDroducts,  is  considerably  hotter 
than  that  of  Pelee  at  the  moment  of  effusion.  It  is  also  certain  that  when  the  lava 
broke  forth,  cooling  would  be  continuous  and  not  instantaneous,  and  the  gases  would 

*  ‘American  Journal  of  Science,’  4th  Series,  vol.  xiv.,  p.  72  (July,  1902);  also  by  Professor  IsR.4EL 
C.  Russell,  ‘Century  Magazine,’  vol.  Ixiv.,  p.  790,  September,  1902. 

t  ‘  Santorin  et  ses  Eruptions,’  p.  232. 
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combine  gradually  and  quietly,  as  the  temperature  fell,  without  occasioning  any 
explosion  whatever.  Some,  however,  of  the  products  of  dissociation  would  escape 
combination,  and  these  might,  if  not  too  much  diluted  with  other  ingredients,  be 
ignited  by  lightning  flashes  at  a  later  period,  though  we  are  not  inclined  to  regard 
this  process  as  having  taken  place  on  any  but  a  very  small  scale. 

Others,  of  whom  Professor  Heilpein  *  is  one,  hold  that  ,  the  cloud  was  highly 
charged  with  mephitic  carbon  gases.  This  theory  is  interesting,  though  we  cannot 
endorse  it : — 

“  tVhiit  the  exact  con-stitutioii  of  this  death-dealing  cloud  was  will  never  perhaps  be  known,  but  its 
associations  with  the  mud  discharges,  its  heavy  specific  gravity,  and  the  mephitic  or  oily  odour  of  the 
products  emitted  by  both  the  lower  and  upper  craters,  lend  reasonable  certainty  to  the  I)elief  that  this 
glowing  cloud  was  mainly  composed  of  one  of  the  heavier  carbon  gases  brought  under  pressure  to 
a  condition  of  extreme  incandescence,  and  whose  liberation  and  contact  with  the  oxygen  of  the 
atmosphere,  assisted  by  electric  discharges,  wrought  the  explosion,  or  series  of  explosions,  that  developed 
the  catastroi^he. 

“  To  the  enquiry  as  to  what  was  the  soiu’ce  of  this  carbon  gas — to  my  mind  the  main  factor  of  the 
catastrophe — the  geologist  points  to  those  vast  bituminous  deposits,  like  those  of  Venezuela  and  the 
island  of  Trinidad,  which  lie  but  little  out  of  the  line  of  the  connected  series  of  volcanoes,  of  which  the 
Soufriere  of  St.  Vincent,  and  Pelee  of  INIartinique,  are  a  part.  He  also  points  to  the  limestone  deposits, 
with  their  enormous  masses  of  locked-up  carbon,  forming  the  foundation  on  which  these  same  volcanoes 
are  implanted,  which  indicate  a  source  of  energy  far  greater  than  was  required  for  the  catastrophe 
of  Pelee.” 

When  we  were  in  St.  Vincent  we  made  most  careful  inquiries,  both  of  the  survivors 
and  of  the  medical  men  who  had  attended  the  injured,  as  to  the  occurrence  of 
poisoning  by  carbon  dioxide,  carbon  monoxide,  or  poisonous  hydrocarbons.  We 
failed  to  find  any  evidence  whatever  of  symptoms  such  as  would  have  indicated  that 
much  of  these  gases  was  jn’esent,  and  the  medical  men  were  all  convinced  that  they 
were  not  responsible  for  the  fatal  effects  of  the  great  black  cloud.  This  seems  to  us 
all  the  more  remarkable,  as  such  gases  must  have  been  present  in  the  cloud  which,  on 
May  7th,  did  such  deadly  havoc  in  the  Carib  Country,  and  this  for  a  reason  which  has 
apparently  escaped  the  American  professor. 

That  afternoon,  as  the  darkness  was  closing  in  around  the  north  end  of  St.  Vincent, 
the  richly- wooded  slopes  were  still  covered  with  all  their  wealth  of  tropical  forest  up 
to  the  moment  of  the  climax,  when  the  great  dust  avalanche  arose.  In  an  instant  all 
was  changed.  The  hot  sand  which  now  fills  the  valleys  is  mingled  with  innumerable 
fragments  of  charred,  broken  trees,  caught  up,  destroyed,  and  swept  along  in  that 
burning  flood.  The  great  hot  blast  which  radiated  outwards  mowed  down  the 
standing  trees,  scorched  them,  eroded  them,  consumed  their  leaves,  twigs,  and 
smaller  branches.  The  amount  of  vegetable  matter  carbonised  or  semi-carbonised 
in  that  brief  space  was  enormous.  The  charcoal  in  the  valleys  is  washed  out  and 
floats  on  the  sea,  supplying  the  inhabitants  with  fuel  for  months  to  come.  Never 

*  ‘  Fortnightly  Review,’  September,  1902,  pp.  477  and  478. 
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was  a  faiiy  landscape  changed  to  a  blighted  desert  in  a  shorter  space  of  time.  What 
came  of  all  the  carljon  comijoimds  produced  by  the  destructive  distillation  ?  They 
must  have  been  incorporated  in  the  great  black  cloud.  This  was  in  itself  one  of  the 
most  startling  and  marvellous  features  of  that  strange  eruption. 

What  foi'in  the  joroducts  took,  what  was  their  relative  amount  and  the  changes 
they  passed  through,  we  can  only  guess.  There  was  little  or  no  oxygen  in  the 
cloud,  and  the  vegetable  matters  were  practically  distilled  in  presence  of  dry  steam. 
Any  oxygen  which  liad  not  already  combined  with  the  hych’ogen  or  hydrogen 
sulphide  would  unite  with  the  cai'hon  of  the  wood  to  form  carbon  monoxide  or  carbon 
dioxide,  and  the  vast  numher  of  volatile  oiganic  comjDOunds  produced  by  the  charring 
of  wood  in  tlie  absence  of  oxygen  must  all  have  been  there  in  greater  or  less 
abundance.  Many  of  these  substances  must  have  been  capable  of  producing  explosions 
when  mixed  with  air  or  oxygen  in  suitable  proportions,  and  we  may  believe  that  the 
Ijlack  cloud  at  one  stage  of  its  histoi-y  was  entirely  deprived  of  oxygen  and  tilled 
with  carbon  gases.  It  is  probable  that  the  temperature  fell  too  rapidly,  and  the 
process  of  mixture  with  the  air  was  too  slow  to  allow  of  any  considerable  part  of 
these  gases  being  burnt  in  the  cloud.  Before  the  oxygen  could  reach  them  they 
were  too  cold  and  too  much  diluted  with  steam  to  ig-uite.  We  mav  in  this  wav 
explain  why  the  asli  which  fell  in  Kingstown  on  the  afternoon  of  May  7th  had  an 
odour  of  organic  matters.  Mi'.  Powell  described  it  to  us  as  strouglv  resembling 
that  of  guano.  The  ash  was  moist,  and  the  water  mixed  with  it  may  have  absorbed 
some  of  the  more  soluble  organic  products  of  tlie  great  black  cloud. 

Even  when  we  were  in  St.  Vincent  in  the  month  of  June,  after  a  few  hours  of  drv 
weather  and  sunshine,  wreaths  of  blue  smoke  would  be  seen  curling  up  into  the  air 
from  the  banks  of  hot  sand  whei'e  pieces  of  carbonised  wood  lay  partly  exposed  to 
the  atmosphere.  The  air  then  smelt  strongly  of  burning  wood,  and  specimens  of 
tar  have  since  been  sent  us,  which  were  brought  down  bv  the  streams  when  the  ashes 
^vere  washed  away  by  the  rains  in  tlie  llabaka  Valley.  This  tar  is  a  product  of  the 
distillation  of  the  Avood  as  it  lies  embedded  in  the  hot  ashes. 

No  other  ei'Uption  AAvrs  attended  liy  these  circumstances;  no  second  Uack  cloud 
iuA'olved  in  its  mass  the  forest  growth  A\  hich  for  90  vears  had  clothed  the  surface  of 
the  mountain.  It  had  vanished  like  a  fall  of  siioav,  and  in  its  place  Avas  now  a  unste 
of  ashes.  Carlionic  acid  and  carbon  gases  there  may  be  in  the  later  outbursts, 
l)ut  these  are  from  the  magma,  oi'igiiial  and  not  accidental  ingredients.  We  may,  in 
fact,  be  certain  that  tliey  are  there,  but  Ave  may  be  equally  cei'tain  that  they  are  not 
the  pi'incipal  gaseous  components,  and  that  neither  does  their  density  determine  the 
behaviour  of  the  hea\’y  cloud,  nor  does  their  ])otential  energy  furnisli  the  motive 
lorce  Avhich  impels  it. 

The  gases  emitted  by  volcanoes  have  been  the  subject  of  much  study,  though  they 
are  still  less  knoAvn  than  any  of  the  other  products.  In  the  interests  of  science  it  is 
desirable  that  some  day  Ave  may  be  aide  to  obtain  samples  of  the  gaseous  emanations 
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of  Pelee  and  the  Soufriere.  It  is  to  Ido  hoped  that  the  investigations  of  the  French 
Commissioners  will  greatly  advance  our  knowledge  in  this  respect,  for  the  gases 
of  the  Caribbean  volcanoes  may  be  supposed  to  present  important  points  of 
difference  from  those  winch  accompany  less  violent  and  more  continuous  activity. 
We  regret  that  the  results  of  our  own  inquiries  are  so  purely  negative  in 
character,  but  St.  Vincent  does  not  offer  tli,e  conditions  necessary  for  the 
investigation. 

The  Physical  Condition  of  the  Magma. — Accounts  liave  already  appeared  of  the 
composition  and  structure  of  the  dust  which  fell  on  Barbados  on  May  7th,*  and  of 
the  earlier  falls  of  ashes  in  St.  Pierre  and  Fort  de  France.!  It  has  not  yet  been 
possible  for  us  to  find  time  to  make  a  comparative  study  of  all  the  specimens  wliiclr 
we  have  collected  during  our  visit  to  the  West  Indies,  or  have  been  sent  us  Ijy 
correspondents  residing  there.  But  there  are  certain  general  conclusions  regarding 
the  composition  and  structure  of  tlie  materials  emitted  wliich  we  may  draw  from  the 
facts  at  present  l)efore  us,  which  throw  some  liglit  on  the  causes  which  determined 
tire  magma  to  assume  the  form  of  a  dust  cloud. 

All  the  samples,  and  notably  the  Barbados  dust,  contain  a  very  large  proportion 
of  crystalline  fragments  of  volcanic  minerals,  often  Irroken,  but  frequently  showing- 
perfect  crystalline  form.  Volcanic  glass  is  present  also,  in  fine  threads  and  liroken 
splinters  and  in  thin  pellicles,  coating  the  surface  of  the  crystals.  The  same  material 
occasionally  forms  little  rounded  pellets,  in  which  small  microliths  may  lie  seen 
embedded  in  the  glassy  matrix.  That  the  Barbados  dust  should  be  so  largely  of 
a  crystalline  nature  bas  awakened  general  astonishment,  especially  when  it  is 
compared  with  the  fine  air-borne  dust  of  Krakatoa  and  Cotopaxi.  The  glassy 
fragments  are  of  lower  specific  gravity  than  the  minerals,  and  wliile  the  latter 
frerpiently  are  suh-cubical  in  form,  the  formei-  are  higlily  irregular,  and  have  a  very 
large  surface  in  comparison  with  their  volume  and  weight.  In  consequence,  the 
splinters  of  glass  shoidd  fall  tlirough  the  air  more  slowly,  and  should  lie  carried  Iiy 
the  wind  to  greater  distances  before  subsiding,  than  the  heavier  and  more  compact 
minerals.  The  ash  Avliich  fell  on  ships  some  200  or  300  miles  to  the  east  of  Barbados 

*  JoHX  S,  Flett  and  tV.  Pollard,  ‘  Quarterly  Journal  Geological  Society,’  vol.  Iviii.,  p.  368. 
J.  S.  Diller,  “  5Flcanic  Pocks  of  ^lartinirpie  and  St.  Vincent,”  ‘  National  Geographic  Magazine,’ 
vol.  xiii.,  ji.  285.  5V.  F.  IIilderraxd,  “  Chemical  Discussion  of  Analyses  of  Volcanic  Ejecta  from 
Martinicpie  and  St.  Vincent,”  ‘National  Geographic  Magazine,’ vol.  xiii.,  p.  296.  John  D.  Falconer, 
‘  Nature,’ vol.  Ixvi.,  p.  132.  Professor  C.irmody,  Blue  Book  on  “Volcanic  Eru2itions  in  St.  Vincent  and 
INIartinicpie  in  May,  1902,”  p.  83.  Loxgfield  SauTir,  Blue  Book  on  “Volcanic  Eruptions  in  St.  Vincent 
and  Martinique  in  May,  1902,”  p.  79.  T.  C.  Porter,  ‘Nature,’  vol.  Ixvi.,  ji.  131. 

t  Michel  Levy,  “Sur  la  Composition  des  Cendres  Projetees,  le  3  Mai,  1902,  par  la  Montague  Pelee,” 
‘  Comptes  Eendus,’  134,  p.  1123.  MM.  A.  Lacroix,  Roi.let  de  l’Isle  &  Giraud,  “  Sur  I’Fruption  de  la 
Martinique,”  ‘  Comptes  Rendus,’  vol.  cxxxv.,  p.  377.  A.  Lacroix,  “  Sur  les  Roches  rejetees  par 
I’Fruption  actuelle  de  la  Montague  Pelee,”  ‘Comptes  Rendus,’  vol.  cxxxv.,  p.  451.  T.  G.  Boxxey, 
‘Qitarterly  Journal  Geological  Society,’  vol.  Iviii.,  p.  86,  1902. 
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contained  a  higher  percentage  of  glassy  matter  than  that  which  was  gathered  on  the 
island.  From  their  freshness,  their  idiomorphism,  and  other  characters,  the  crystals 
were  clearly  formed  in  a  fluid  magma,  and  the  glass  may  be  taken  to  represent  the 
still  liquid  material  at  the  moment  of  eruption.  If  so,  it  seems  clear  that  such  a  rock 
could  never  have  formed  a  pumice.  It  is  too  highly  crystalline,  and  contains  too 
little  glass.  When  the  steam  separated  out  in  little  bubbles,  which  expanded  and 
exjmnded  as  the  retaining  pressures  diminished,  a  time  arrived  when  the  fluid  part  of 
tlie  magma  had  j^assed  into  a  spongy  froth,  in  which  innumerable  crystals  occupied 
the  walls  between  the  vesicles,  and  on  further  expansion  the  mass  could  no  longer 
hold  together,  but  passed  into  a  mist  of  droplets,  most  of  which  lield  a  crystal  in  their 
centre,  while  some  consisted  mostly  of  the  glassy  material. 

Snell  a  magma,  witli  its  high  percentage  of  solid  inextensible  crystals  and  its 
small  proportion  of  fluid  rock,  when  the  steam  witliin  it  began  to  expand,  very  soon 
passed  beyond  its  limits  of  cohesion,  and  was  rent  into  separate  particles,  each  of 
winch  was  in  most  cases  a  crystal  surrounded  by  a  film  of  glass.  The  crystals 
themselves  v^ere  uffl.  only  incapable  of  extension,  they  v'ere  also  anhydrous,  and  acted 
as  passive  ingredients ;  only  the  liquid  magma  contained  imprisoned  water,  and  the 
immense  amount  of  steam  developed  in  tlie  explosions  is  all  the  more  remarkable 
when  we  reflect  on  the  relatively  small  proportion  of  the  substances  which  held  it  in 
solution. 

We  may  infer  from  its  highly  crystalline  condition  that  the  magma  was  also  at  a 
compai'atively  low  tenq^erature.  The  minerals  have  the  characteristics  found  in  those 
of  volcanic  rocks,  and  were  not  formed  at  very  great  depths  or  under  such  jDressures 
as  determine  the  |)roduction  of  rocks  with  plutonic  structures.  The  molten  mass  was 
lying  in  the  conduits  of  the  volcano,  cooling  gradually  tliere,  and  the  separation  of 
the  first  crop  of  crystals  proceeded  no  douht  for  a  considerable  period  and  under 
exceptionally  favouralfle  circumstances.  Had  not  the  subterranean  pressures 
increased  and  driven  the  mass  iq^wards,  and  the  temperatures  at  greater  depths 
l)een  so  high  as  to  render  the  ascending  forces  irrepi'essihle,  the  iqjper  part  of  the 
lava  column  might  in  a  short  time  have  completely  solidified. 

In  all  probability  crystallization  was  more  advanced  near  the  surface  than  in  the 
deeper  j^arts,  and  the  lower  portion  of  the  magma  was  more  completely  fluid  than 
that  which  was  ejected  as  the  great  l)lack  cloud.  In  this  regard  it  is  important  to 
remember  that  the  dust  avalanche  is  always  the  first  product  of  the  crowning  stage 
of  the  eruption.  As  soon  as  the  obstruction  in  the  orifices  of  the  volcano  has  been 
overcome  the  cloud  wells  forth.  It  is  the  upper  part  of  the  ascending  column  of 
molten  inck.  We  may  almost  say  that  the  great  hlack  cloud  is  the  froth  that  is 
blown  off  the  surface  of  the  subterranean  reservoirs.  When  it  is  once  over  everything, 
so  far  as  we  know,  goes  on  in  the  usual  manner.  Bubbles  of  steam  arise,  burst,  and 


*  J.  S.  Htli-EH,  ‘  Xational  Geographic  Magazine,’  vol.  xiii.,  p.  293. 
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project  showers  of  hot  bombs  and  dust  into  the  airr  The  later  stages  of  the 
Pelean  eruj)tions  do  not  essentially  differ  from  those  of  the  eruptions  of  other 
volcanoes. 

There  is,  in  fact,  a  considerable  amount  of  evidence  to  show  that  that  part  of  the 
magma  which  gave  rise  to  the  great  black  cloud  was  not  in  a  state  of  complete  fusion, 
but  that  even  the  matrix  separating  the  individual  crystals  was  semi-solid  and 
partially  crystallized.''"  The  glassy  fragments  in  the  dust  of  Pelee  contain  many 
microliths.  According  to  the  descriptions  of  Mr.  J.  S.  DiLLER,t  “at  least  half  the 
mass  (of  the  dust  which  fell  on  the  ‘  Roddam,’  in  St.  Pierre  on  May  8th)  is  dark 
microlithic,  more  or  less  felty,  but  not  vesicular  ground-mass,  often  enclosing  or 
clinging  to  crystals,  and  appears  identical  with  the  gronnd-mass  of  the  lavas  of 
Mount  Pelee  antedating  the  last  eruption.” 

Professor  Lacroix,"^  describing  the  ashes  which  fell  in  St.  Pierre  on  May  2nd  and 
3rd,  1902,  says; — “The  examination  of  the  glassy  matter  wliich  plays  an  important 
part  in  these  ashes  is  not  wnthout  interest  ;  it  is  compact,  with  few  cavities,  or  at 
most  enclosing  a  few  minute  vesicles  ;  it  contains  very  few  microliths  of  felsi^ar,  bnt 
a  pretty  large  nnmber  of  opaque  globulites,  and  occasionally  some  crystallites  of 
hypersthene.  It  is  not  in  I’eality  a  pumice  composed  of  vesicular,  filamentous  glass, 
like  that  which  characterised  the  great  explosion  of  Krakatoa,  and  that  which  in 
pre-historic  time  blew  out  the  bay  of  Santorin.” 

From  these  descriptions  it  is  clear  that  a  second  generation  of  crystals  had  begun 
to  form  in  the  magma  within  the  mountain,  or  at  least  in  the  upper  part  of  it  before 
it  was  forced  to  the  surface  and  blown  into  dust  by  the  expansion  of  the  gases  it 
contained.  Mr.  Diller,  indeed,  advances  the  view  that  these  glassy  fragments 
belong  to  the  older  rocks  of  the  monntain  : — “  It  appears  certain  that  the  greater 
portion  of  the  material  which  fell  on  the  deck  of  the  ‘  Roddam  ’  was  derived  from 
the  pulverisation  of  solid  rock  about  the  volcanic  vent  of  Mont  Pelee,  and  only 
a  small  portion  from  the  molten  magma  which  was  the  seat  of  the  eruption.”  He 
arrives  at  the  same  conclusion  as  a  result  of  his  examination  of  the  dnst  which  fell  in 
Kingstown,  St.  Vhncent,  on  May  7th,  1902: — “The  larger  particles  are  of  dusty 
glass,  rarely  clear,  and  colonriess,  and  full  of  bubbles.  Others  contained  a  multitude 
of  minute  crystals.  Those  filled  with  these  microlites  are  of  pulverised  older  rock, 
while  the  dirty  vesicular  glass  ones,  like  the  ground-mass  of  the  pumice,  represent  the 
molten  magma  of  the  eruption.”  j; 

This  theory,  that  much  of  the  dust  was  due  to  the  comminution  of  the  older  rocks 
of  the  hill,  was  suggested  to  us  by  Professor  Jaggar,  whom  we  met  in  Barbados 

*  Professor  Israel  C.  Pusseia  also  is  of  ojRiiion  that  the  magma  had  partly  consolidated. 

Century  Magazine,’  vol.  Ixiv.,  p.  795,  September,  1902. 

t  “  Volcanic  Pocks  of  Martinique  and  St.  Vincent,”  ‘National  Geographic  Magazine,’  vol.  xiii.,  p.  290. 

t  ‘  National  Geographic  Magazine,’  vol.  xiii.,  p.  290. 
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before  we  arrived  in  St.  Vinc'ent,  and  we  directed  a  considerable  amount  of  attention 
to  the  evidence  in  favour  of  it  and  against  it  while  engaged  in  our  work  on  the 
Soufriere.  It  cannot  be  denied  that,  especially  in  St.  Vincent,  an  enormous  amount 
of  the  pre-existing  rock  around  the  crater  has  been  blown  into  the  air,  and  this  is 
sufficiently  attested  by  the  changes  in  the  conformation  of  the  crater- walls  and  the 
increased  depth  of  its  floor.  Angular  fragments  of  the  old  ashes  and  lavas,  often 
several  feet  in  diameter,  are  very  numerous,  and  are  easily  distinguished  by  their 
form,  appearance,  and  structure  from  the  bombs  which  originated  from  this  eruption. 
No  doubt,  also,  fine  dust  of  this  nature  mingled  with  the  cloud,  but  we  saw  no 
evidence  that  any  considerable  part  of  the  mountain  had  been  shattered  to  minute, 
almost  impalpable,  powder,  and  disseminated  through  the  air  l^y  the  explosions.  It 
seemed  rather  that  the  older  igneous  masses  had  yielded  fragments  usually  of  some 
considerable  size,  and  that  a  breccia,  and  not  a  dust  cloud,  would  have  been  produced 
ill  this  way. 

The  presence  of  glassy  fragments,  some  of  which  are  full  of  crystallites,  while  others 
are  practically  free  from  them,  may  be  explained  in  more  than  one  way.  It  may  be 
that  the  partly  devitiffied  material  was  that  which  formed  the  surface  and  the  sides 
of  the  column  of  molten  lava,  the  more  vitreous  substance  its  centre  and  deeper  parts. 
But  we  should  also  lie  prejiared  to  admit  that  the  magma  was  not  entirely  homo¬ 
geneous,  and  that  2:»arts  may  have  been  more  liquid,  or  less  crystalline,  than  others. 
This  would  have  given  rise  to  a  lianded  structure,  such  as  is  so  common  in  the 
vlti'eous  lavas,  had  the  mass  poured  out  in  a  coulee  arid  rajiidly  solidified  to  form 
an  andesitic  lava  flow. 

It  is  also  possible  that  the  gases  may  not  have  lieen  quite  equally  abuudant 
throughout,  and  to  these  two  causes,  conjointly  or  separately,  we  may  ascribe  the 
presence  of  a  considerable  number  of  small  vesicular  lapilli,  and  even  occasionally  of 
immded  pieces  of  pumice  mixed  with  the  dust.  There  was  very  little  pumice  in 
8t.  Vincent,  lint  many  scoriaceous  lapilli  with  emliedded  crystals,  while  at  Pelee 
|)uniice  was  more  abundant,  though  still  not  in  sufficient  quantity  to  form  a 
consideralile  proportion  of  the  ejecta. 

In  this  connection  we  may  remark  that  in  Martinique  the  eruption  of  July  9tli 
ejected  more  vesicular  pumiceous  glass  than  any  of  tlie  previous  outbursts,  and  Ave 
have  received  information  from  St.  Vincent  that  pumice  is  more  abundant  in  the 
ashes  of  September  3rd.  It  looks  as  if  the  magma  in  these  volcanoes  Avas 
undergoing  some  change  in  its  physical  condition,  and  that  the  highly  crystalline 
and  comparatiAmly  cold  condition  of  the  material  at  first  ejected  AA'as  not  quite  so 
pronounced  in  the  later  stages.  What  efiect  this  may  haAm  on  the  future  phases 
of  the  volcanic  activity  Ave  can  only  guess  at  present,  but  it  is  a  problem  of  much 
interest,  and  Avell  Avorthy  of  careful  attention. 


*  MM.  Lacroix,  Roj.liu  de  e’Isle  &  Giraud,  “  Sur  les  Roches  rejetees  par  I’Eruption  actuelle  dc  la 
Moiitagne  Pelee,”  ‘  Comptes  Rendirs,’  a^oI.  cxxv.,  p.  452. 
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We  have  seen  that  the  magma  of  these  Antillean  volcanoes,  or  at  least  the 
uppermost  part  of  it  which  gave  rise  to  the  great  black  cloud,  was  to  a  large  extent 
crystallized,  contained  comparatively  little  fluid  matter,  and  that  it  was  accordingly 
near  the  temjjerature  of  consolidation,  or  may  even  in  part  have  solidified  already. 
These  may  all  ha.ve  been  powerful  factors  in  determining  it  to  assume  the  form  of 
a  dust  cloud  as  soon  as  the  retaining  pressures  were  relieved,  and  the  vast  quantities 
of  steam  and  other  gases  it  contained  were  free  to  expand. 

But  the  chemical  aspects  of  the  problem  must  not  he  neglected ;  they  may  be  of 
even  greater  importance  than  the  physical.  Both  magmas  are  andesitic,  but  the 
analyses  and  microscopic  investigations  which  have  already  been  published  make  it 
certain  that  they  are  not  exactly  the  same,  so  that  it  does  not  appear  likely  that  the 
dust -avalanche  type  of  eruption  is  a  consequence  merely  of  the  presence  of  a  magma 
with  a  certain  narrowly-restricted  chemical  composition. 

On  the  otlrer  hand,  it  is  a  significant  fact  that  many  of  the  most  terrible  instances 
of  disastrous  and  sudden  volcanic  e.xplosions  have  been  furnished  by  volcanoes 
emitting  hypersthene  andesite.  Krakatoa  and  Bandaisan  are  two  examples  of  quite 
recent  date.  This  group  of  rocks  is,  of  course,  a  very  diverse  one,  and  includes  many 
important  variations  ;  but  as  contrasted  with  the  basalts,  which  in  so  many  cases  give 
rise  to  floods  of  liquid  lava  quietly  welling  out  of  craters  or  fissures,  they  seem 
predisposed  to  violent  and  disruptive  activity.  The  rarity  of  dykes  in  St.  Vincent, 
and  the  al)undance  and  thickness  of  the  sheets  of  coarse  agglomerate,  point  to  the 
same  conclusion. 

What  influeiice  the  nature  of  the  gases  present  in  such  quantities  may  exert  is  a 
problem  equally  interesting  and  obscure.  Till  we  know  more  of  what  these  gases  are, 
and  in  what  jjroportions  they  exist  in  the-  magma,  it  is  premature  to  enter  into  a 
discussion  of  the  jjart  they  play  in  the  origination  of  the  great  black  cloud.  Any 
conditions  whatever,  whether  chemical  or  otherwise,  which  diminisii  the  cohesion  of 
the  magma  in  which  the  gases  were  absorbed  will,  prima  facie,  facilitate  the 
conversion  of  the  mass  from  a  spongy  frotli  into  a  cloud  of  liquid  droplets. 


The  Cause  of  the  Deaths. 

Owing  to  the  exigencies  of  the  case,  it  was  impossible  to  ])erform  autopsies  on  the 
bodies  of  the  dead  in  St.  Vincent,  and  however  much  we  may  regret  this  from  a 
scientific  point  of  view,  we  must  recognise  that  the  first  call  on  the  energies  of  the 
medical  men  was  to  attend  to  the  wounded,  and  give  them  what  assistance  they 
could.  At  first  the  number  of  doctors  in  the  island  was  too  small  to  enable  them  to 
cope  with  the  sudden  emergency,  but  help  was  rapidly  provided  from  the  adjacent 
British  islands,  and  the  final  I'esults  were  brilliant.  It  was  several  days  before  the 
state  of  the  volcano  warranted  the  exploration  of  the  devastated  country  on  an 
extensive  scale,  and  when  the  bodies  were  finally  all  discovered  and  interred,  they 
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were  very  often  in  a  condition  which  left  little  hope  of  obtaining  any  important 
information  by  means  of  post-mortem  examinations.  Fortunately,  the  evidence  as  to 
the  lethal  agencies  at  work  is  fairly  clear  and  conclusive,  and  the  opinions  formed  by 
the  doctors  who  had  care  of  the  survivors  are  entirely  in  accordance  with  the 
geological  facts  regarding  the  nature  of  the  catastrophe.  From  Dr.  C.  W.  Branch, 
Dr.  Dunbar  FIughes,  and  Dr.  Austin,  of  St.  Vincent,  and  from  Major  Wills, 
B.A.M.C.,  and  Dr.  Hutson,  of  Barbados,  we  obtained  most  of  the  information  on 
which  we  have  based  our  conclusions.  We  had  also  an  opportunity  of  examining 
many  survivors  who  had  passed  the  afternoon  and  night  of  May  7th  in  the  Carib 
Country.  Some  of  these  had  completely  recovered,  others  were  in  the  hospital  in 
Kingstown  ;  many  were  very  unwilling  to  retail  the  horrors  of  that  afternoon  wdien 
their  friends,  relatives,  and  families  had  perished  at  their  side. 

Witliout  doubt  steam  ladeji  with  hot  dust  was  the  piincipal  cause  of  the  fatalities. 
When  the  hot  wave  struck  the  houses  all  the  occupants  felt  a  sudden  pain  in  their 
moutlis  and  throats.  This  was  principally  due  to  the  fine  hot  dust,  wBich  was 
intensely  irritant.  Many  stuck  their  caps  into  their  mouths,  and  this  relieved  the 
liurning  feeling,  thus  proving  that  it  was  due  to  the  fine  particles  floating  in  the  air. 
It  produced  intense  pain  in  the  eyes,  and  among  the  wounded  not  a  fe%v  had  their 
faces  nearly  unburnt  about  the  eyelids  and  the  temples,  while  their  brows  and  the 
hacks  of  their  hands  were  severely  scorched.  When  struck  wdth  the  hot  blast  they 
liad  covered  their  eyes  with  their  hands  in  order  to  protect  them.  The  mucous 
membranes  of  the  nose  and  mouth  w^ere  scorched,  and  subsequently  in  some  cases 
desquamated,*  and  the  hot  dust  gathered  on  the  lieards  of  the  men  and  singed  the 
skin  l)eneath.  Those  parts  of  the  body  which  w^ere  covered  with  the  clothes,  as  a 
rule,  escaped  injury,  or  were  only  slightly  burnt.  As  the  black  lalioui'ers  w^ear  thin 
cotton  garments,  this  must  have  Iieen  because  tlie  hot  dust  was  unalde  to  pass  through 
the  cloth,  and  the  gases  w^ere  not  at  so  higli  a  temperature  as  to  do  much  injur}’'.  It 
is  in  every  way  probable  that  when  the  Idack  cloud  sw^ept  over  the  lower  grounds  in 
St.  Vincent  the  dust  it  contained  was  hotter  than  the  gases,  for  these  latter  w'ere 
actively  expanding,  and  were  cooled  in  consequence,  while  the  solid  matters  w'ere 
merely  ])assive,  and  lieing  also  1)ad  conductors,  would  only  slovdy  part  with  their  heat 
to  the  surrounding  medium  ;  ljut,  owing  to  the  small  size  of  the  particles,  such 
differences  in  temperature  may  have  been  inconsideralde. 

After  a  minute  or  so  the  feeling  of  pain  in  nose,  mouth,  and  throat,  and  on  the 
exposed  parts  of  the  body,  was  oppressive,  and  many  who  survived  complained  that 
they  also  felt  a  burning  sensation  in  their  breasts  and  alidomens — the  result  probably 
of  their  having  inhaled  the  hot  dust  into  their  bronchi  or  swallowed  it,  and  thus 
scorched  their  throats,  or  perhaps  also  their  stomachs.  It  is  clear  that  it  acted  as 
an  intense  irritant  on  all  parts  with  which  it  came  in  contact.  Very  rapidly,  also, 

* 


ee  also  Professor  Istmet.  C,  Russell,  ‘  Century  Magazine/  vol.  Ixiv.,  p.  798,  September,  1902. 
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a,  sense  of  suffocation  supervened.  The  sufferers  gasped  and  cried  for  breath,  hut 
soon  their  cries  were  stilled  by  the  approach  of  asphyxiation.  They  felt  as  if  someone 
was  powerfully  compressing  their  throats,  and  at  the  same  time  their  thirst  was 
excessive.  They  complained  also  of  the  choking  smell  of  burning  sulphur,  and  in 
St.  Vincent  it  is  clear  that  in  the  blast  there  was  much  sulphurous  acid,  though 
in  St.  Pierre  it  was  not  conspicuous,  at  least  on  May  8th,  when  so  many  perished. 
Some  of  the  doctors  were  inclined  to  ascribe  many  of  the  fatal  consequences  of  the 
cloud  to  its  presence ;  others  merely  regarded  it  as  a  subordinate  factor,  and  this 
seems  most  probable,  in  view  of  what  happened  in  Martinique. 

The  duration  of  the  fatal  wave  of  hot  gases  and  dust  was  certainly  brief,  probably 
not  more  than  three  minutes,  but  it  seems  clear  that  death  was  not  instantaneous  in 
St.  Vincent,  or  at  any  rate  on  the  estates  in  the  lower  part  of  the  Carib  Country, 
as  it  probably  was  in  the  north  end  of  St.  Pierre,  for  all  the  survivors  gave  a  distinct 
and  consistent  account  of  the  gradual  though  rapid  onset  of  the  symptoms.  At 
the  same  time  it  must  be  remarked  that  apparently  after  a  minute  or  two  the 
conditions  had  a  lethal  effect  on  the  great  majority  of  those  subjected  to  them.  The 
cries  were  succeeded  by  silence  and  inarticulate  groans,  and  death  followed  almost  at 
once.  We  were  told  that  in  some  of  the  houses  where  the  dead  were  heaped  upon 
'  the  floor,  as  in  Sutherland’s  shop  in  Overland  Village,  where  87  perished  in  a 
little  room,  the  bodies  lay  regularly  piled  on  one  another — the  whole  mass,  living 
and  dead,  had  fallen  at  once.  It  is  not  possible  to  separate  the  effects  of  the  hot 
gases  and  the  dust.  They  acted  together,  and  probably  neither  alone  would 
have  produced  all  the  effects.  The  dust  was  irritant,  and  cauterised  the  epidermal 
surfaces  ;  the  steam,  sulj^hurous  acid  and  other  gases  in  the  cloud,  especially  as 
they  were  not  mixed  with  oxygen,  produced  the  suffocation  and  finished  the  deadly 
work. 

Only  those  survived  who  had  shut  themselves  up  in  cellars  and  rooms  with  tightly- 
closed  windows.  We  have  already  given  some  instances  which  prove  how  important 
it  was  to  avoid  direct  contact  with  the  cloud.  In  the  cellar  at  Orange  Hill  40 
survived  ;  but  30  who  were  in  the  passage  leading  into  it  died.  In  Turema  all  who 
had  escaped  had  taken  refuge  in  tightly  shut-up  rooms.  At  Pabaka  many  were 
saved  in  the  same  way.  All  human  beings  and  animals  which  were  in  the  open  air 
perished.  In  some  cases  one  or  two  occupants  of  a  house  were  spared,  while  all  the 
others  died.  This  was  not  the  case  at  Lot  14,  or  on  the  leeward  side — that  is  to 
say,  in  those  parts  where  the  blast  was  hottest ;  but  in  the  Carib  Country  there  were 
not  a  few  of  these  miraculous  escapes.  Similarly,  on  the  “Poddam”  and  “Poraima,” 
at  St.  Pierre,  some  were  little  injured,  though  apparently  as  much  exjiosed  as  others 
who  died.  In  all  probability  accidental  circumstances,  which  can  now  no  longer  be 
brought  to  light,  were  the  determining  causes.  We  cannot  say,  for  example,  why  in 
some  cases  one  survived  in  a  room  wliere  all  the  others,  to  the  number  of  10  or  more, 
died  almost  at  once. 
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In  Overland  Village,  and  a  few  other  places,  the  first  ash  brought  in  the  blast  was 
wet,  and  stuck  to  the  walls  of  the  houses.  This  w'as  the  case  also  in  Fancy  and  in 
St.  Pierre.  This  wet  mud  occasioned  severe  burns,  as  it  adhered  to  the  naked  skin, 
and  many  of  the  sufierers  had  extensive  burns,  from  which  the  skin  was  peeling. 
But  in  most  cases  the  dust  was  dry,  and  clung  principally  to  those  parts  which  were 
moist,  like  the  lips,  or  were  covered  with  short  hairs,  like  the  hacks  of  the  forearms. 
In  the  hospital  in  St.  Vincent  one  patient  had  a  cake  of  dust,  one-eighth  of  an  inch 
thick,  adherent  to  the  .scalp,  which  was  .slowly  healing  beneath  it. 

ProlDably  not  less  than  nine-tenths  of  the  fatalities  were  produced  by  the  causes 
above  enumerated,  but  there  were  others  wdiich  certaiidy  were  in  operation,  though 
we  cannot  now  estal)li.sh  exactly  to  what  extent  any  of  them  swelled  the  list. 

Many  of  the  injured  lay  among  the  dead  bodies  on  the  floor,  covered  with  a  thin 
film  of  ashes,  groaning,  with  parched  throats,  unable  to  raise  themselves  and  search 
for  water,  waiting  for  death.  Most  of  these  died  within  an  hour  or  two,  others 
dragged  on  for  a  couple  of  days ;  one  case  was  taken  to  hospital,  and  died  three  days 
after  the  eruption.  The  direct  cause  of  death  was  shock  and  exhaustion. 

Others  were  removed  and  died  under  treatment,  partly  from  the  shock  of  their 
liurns  and  the  terrible  experiences  through  which  they  had  passed,  partly  from  the 
other  secondary  effects  of  their  injuries.  Fortunately,  they  were  comparatively  few  ; 
only  70  deaths  from  burns  and  otlier  causes  occurred  in  the  hospitals. 

Some  also  were  killed  by  lightning — liow  many  it  is  impossible  to  say.  One 
woman  was  seen  to  fall  dead  during  a  bright  flash  of  lightning  in  the  yard  at 
Orange  Hill.  Probably  others  met  a  similar  death,  but  this  could  have  aftected 
practically  only  those  who  were  fleeing  from  one  liouse  to  another  after  the  blast 
had  passed. 

Many  of  the  roofs  of  tlie  huts,  and  even  of  the  more  sidistantially-built  stores, 
collapsed  through  the  niglit  under  tlie  weight  of  ashes,  and  beneath  them  the 
searchers  found,  in  some  cases,  heaps  of  dead  bodies.  Had  any  within  these  huts 
l)een  .s})ared  by  the  fatal  Idast,  they  must  have  been  suffocated  by  the  roofs  falling 
with  their  weight  of  hot  sand. 

Similarly,  many  houses  were  ignited  l)y  incandescent  stones  or  by  lightning,  and 
any  wounded  they  contained  must  have  been  burned  to  death,  but  it  is  not  certainly 
known  that  there  were  any  such  fatalities. 

Undoulfiedly  some  were  killed  by  falling  stones.  Dr.  Hutsox,  of  Barbados,  told 
us  he  saw  three  cases  of  fractured  skulls,  and  Captain  Calder  narrates  that  when 
8  miles  from  the  volcano  he  was  struck  and  almost  rendered  unconscious  by  a  piece 
of  rock.  There  are  no  statistics,  however,  to  show  whether  such  cases  wein 
frequent.  No  one  in  Chateaubelair,  so  far  as  we  know,  was  injured  in  this  way  ;  one 
little  girl  in  Georgetown  was  wounded  by  a  stone  in  the  afternoon  of  May  7th. 

*  Sir  P.  Et.ewelyn,  Blue  Book  ;  ‘  Correspoiuleiice  ret’iting  to  the  Volcanic  Eruptions  in  St.  Vincent 
and  Martinirpre  in  May,  1902,’  p.  05. 
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Probably,  if  careful  inquiries  had  been  made  at  the  time,  many  similar  cases  would 
have  been  brought  to  light.* 

At  least  one  party  suffered  death  by  drowning.  They  were  in  a  boat,  coming  from 
Campobello  southwards  along  the  east  coast,  and  were  never  seen  again  after  the 
cloud  had  passed. 

We  inquired  carefully  of  the  doctors  whether  they  had  reason  to  l^elieve  that 
carbonic  dioxide,  carbon  monoxide,  or  poisonous  hydrocarbon  gases  could  be 
considered  to  have  pj'oduced  any  of  the  fatal  effects,  and  whether  sulphuretted 
hydrogen  was  joresent  in  such  quantities  as  to  have  contributed  in  any  way,  but 
they  all  were  of  opinion  that  steam,  hot  dust,  and  sulphurous  acid  were  the  only 
important  lethal  components  of  the  cloud,  and  though  other  gases  may  have  beeii 
there  they  were  in  small  quantities,  and  left  no  visible  consequences. 

71ie  Air  Waves. 

All  the  greater  eriqDtions  (jf  Pelee  and  the  Soufriere  during  the  iiujiiths  of  May, 
June,  and  July,  1902,  have  probably  Ijeen  accompanied  by  both  air  waves  and  sea 
^waves.  The  observations  and  records  in  our  hands  are  far  from  complete  or 
satisfactory,  and  we  do  not  intend  to  attempt  a  final  discussion  of  the  phenomena  in 
this  paper,  but  we  have  given  the  evidence  relating  to  the  eruptions  of  the  Soufriere, 
and  our  statements  are  corroborated  by  those  of  the  French  Commissioners,  t  The 
number  and  form  of  these  waves,  their  dimensions,  velocity  of  dispersion  and  range 
can  be  fully  investigated  only  when  all  the  data  are  to  hand,  and  in  jDarticular  when 
the  various  Ijarographic  records  obtained  at  meteorological  stations  around  the 
Caribbean  Sea  are  available.  The  best  records  are  those  of  the  recording  barometers 
used  in  the  stations  of  the  American  Weather  Bureau  scattered  through  the  islands, 
and  those  of  the  French  Government  in  Martinique,  and  no  doubt  they  will  be  fully 
discussed  in  all  their  bearings  in  the  reports  of  the  French  and  American  scientists. 

The  study  of  these  waves  is  of  importance  not  only  from  the  hydrographic  and  the 
meteorological  point  of  view,  they  also  give  very  valuable  information  to  the 
volcanologist.  They  may  help  us  to  fix  the  exact  time  of  tlie  outburst  of  the  black 
clouds.  It  is  probable  that  they  will  also  indicate  the  relative  magnitude  of  the 
various  eruptions,  and  in  some  measure  enable  us  to  conq)are  those  of  the  Soufriere 
with  those  of  Montague  Pelee. 

The  origin  of  the  air  waves  is  not  far  to  seek.  They  are  due  to  the  sudden  and 
localised  increase  of  pressure  occasioned  by  the  outburst  of  large  quantities  of  steam 
and  other  gases  into  the  air.  The  waves  must  travel  outwards  radially,  in  all 
directions,  from  the  centre.  Their  amplitude  depends  principally  on  the  magnitude 

*  Professor  Isp,ael  C.  Russell  met  with  certain  cases  of  injuries  of  this  nature,  ‘  Century 
Magazine,’  vol.  Ixiv.,  p.  798,  September,  1902. 

t  “  Sur  I’Eruption  de  la  Martiniq^ue,’'  ‘  Comptes  Rendus,’  vol.  cxxxv.,  p.  389. 
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of  the  explosion.  According  to  the  investigations  of  Lord  liAYLErcH,  quoted  in  the 
Krakatoa  repoi't  to  the  Loyal  Society,"^  it  diminishes  in  proportion  to  the  square  of 
the  distance  from  the  focus,  and  Lieutenant-General  Strachey,  R.E.,  calculates  that 
the  initial  velocity  of  the  air  waves  generated  by  that  eruption  was  about  713  miles 
an  hour.  The  gi'eat  explosion  at  the  Soufriere  should,  in  consequence,  have  affected 
the  barometiic  column  in  Barbados  in  less  than  10  minutes.  So  far  as  we  know  at 
present,  the  eruption  in  St.  A^incent  on  May  18th  did  not  leave  any  record  on  the 
barograms,  either  in  Barbados  or  in  Martinique. 
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Flo.  3. — Biirograpliic  tracings,  showing  the  air  waves  generated  hy  the  eruptions  of  Montague  Pelee. 
Taken  in  the  station  of  the  American  A\Mather  Bureau,  Kozeair,  Dominica. 


The  form  of  the  Yvave  tmcing  is  precisely  that  given  Ity  sudden  and  violent 
explosions.  We  have  olTained  from  Mr.  Porter,  of  Bozeau,  in  Dominica,  photographic 
copies  of  the  barograms  yielded  by  his  j'ecording  barometer  at  that  station  (through 
the  kindness  of  Mr.  Hobbs,  of  the  Amei  ican  AVeather  Bureau,  St.  Kitts).  (Fig-  3.) 
The  characteristics  of  the  waves  have  already  been  emphasised  hy  Professor  Lacroix 

*  “The  Eruption  of  Krakatoa,”  ‘  Boyal  Rociety’s  Report,’  p.  64,  1888. 
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and  his  colleagues.*  It  is  the  presence  of  a  considerable,  short,  sharp  depression,  in 
advance  of  an  elevation,  which  is  more  continued,  and  may  last  for  a  quarter  of  an 
hour  or  more.  With  these  we  rejjroduce  also,  by  the  kindness  of  the  Meteorological 
Council,  the  trace  left  by  the  explosion  of  12  tons  of  gunpowder  on  board  the  ship 
“  Lottie  Sleigh,”  lying  in  Liverpool  Harbour,  on  the  recording  barograph  at  Liverpool 
Observatory,  on  January  15th,  1864.  (Fig.  4.)  The  similarity  between  these  waves 
is  very  striking  :  in  each  we  have  the  initial,  short,  rapid  fall,  followed  by  an  almost 
equally  sudden  rise,  which  lasts  for  a  longer  period,  and  is  then  succeeded  in  the 
Liverpool  record  by  a  second  depression,  not  so  great  as  the  first. 


NOON 


MID. 


L  POOL. JAN. 15. 1864. 


LOTTIE  SLEIGH  EXPLOSION 


^  Fig.  4. — Barograph ic  tracing  of  the  King’s  barograph  at  the  Liverpool  Observatory,  showing  the  effect 
of  the  ex]ilosion  of  twelve  tons  of  gunpowder  on  board  the  “  Lottie  Sleigh,”  three  miles  distant. 

{Beproduced  from  the  ^Proceedings  of  the  Royal  Society,'  vol.  xxxvi.,  PL  I.) 


In  the  air  waves  which  were  produced  by  the  eruption  of  Krakatoa  these  features 
Avere  by  no  means  so  marked,  and,  in  fact,  Lieutenant-General  Strachf.y  was  led  to 
the  conclusion,  partly  from  his  studies  of  the  actual  barographic  tracings,  and  jDartly 
from  the  theoretical  researches  of  Loi  d  Rayleigh,  that  “  the  rise  of  the  barometer 
indicating  a  sudden  increase  of  pressure  was  the  first  and  direct  result  of  the 
explosion,  and  that  the  succeeding  fall  of  the  barometer  .  .  .  required  some 

considerable  time  for  its  development.” 


The  Sea  W aves. 

We  have  ab'eady  detailed  the  observations  regarding  sea  Avaves  occasioned  by  the 
great  eruption  of  St.  Vincent  on  May  7th  in  Barbados,  Bequia,  St.  Lucia,  Martinique, 
and  Guadeloupe.  {See  p.  406  and  p.  410.)  In  Barbados  and  in  Bequia  its  amplitude 
Avas  2|-  feet,  in  Martinique  about  1  foot.  Assuming  that  it  originated  in  St.  Vincent, 
and  was  synchronous  with  the  great  explosion  and  discharge  of  the  avalanche  of  dust 
about  2  o’clock  in  the  afternoon,  Ave  find  that  it  took  70  minutes  to  cross  the  channel 
between  that  island  and  Barbados,  where  the  first  crest  arrived  at  3.10  p.m.,  and  had 
a  velocity  of  about  90  miles  an  hour. 

According  to  the  preliminary  inport  of  the  French  Commissioners,  sea  waves  have 
been  observed  in  Fort  de  France  on  the  occasion  of  all  the  more  important  ei'uptions 
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■*  ‘  Comptes  Kenclus,’  vol.  cxxxv.,  p.  390. 
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of  Montague  Pelee.  On  May  8th  the  first  phenomenon  observed  at  Fort  de  France 
was  a  recession  of  the  sea  ;  it  was  followed  by  a  considerable  rise,  and  at  intervals  of 
several  minutes  minor  oscillations  succeeded  the  princij^al  one  to  the  number  of  five 
or  six.  In  St.  Pierre  and  in  Carbet  these  waves  have  invaded  the  land  and  done 
considerable  damage,  especially  on  the  morning  of  the  great  eruption  (8th  i\Iay), 
when  the  wave  at  Carbet  was  esthnated  to  have  an  amplitude  of  nearly  7  feet 
(2  metres).  This  wave  was  not  observed  at  Guadeloupe,  though  that  of  the  previous 
afternoon,  attendant  on  the  eruption  of  the  Soufriere,  was  clearly  visible  there.'" 

The  most  remarkable  feature  of  these  sea  waves  is  that  they  have  never  been 
observed  in  St.  Vincent,  even  oil  the  afternoon  of  May  7th,  when  many  people  along 
the  leeward  coast  of  the  island  were  embarking  in  boats  or  landing  on  the  shore  at 
the  moment  of  the  climax  of  the  eruption.  They  cannot  certainly  have  taken  place 
on  so  large  a  scale  as  at  St.  Pierre,  as  in  Chateaubelair  many  huts  stand  on  the  low 
lieach  but  little  above  high-water  mark,  and  none  of  them  ivas  destroyed  or  damaged. 
Yet  the  wave  originated  by  this  outburst  was  felt  in  Guadeloupe  and  in  Barbados. 

To  some  extent  these  waves  may  have  been  caused  by  the  sudden  increase  in 
atmospheric  pressure  which  started  the  air  wave,  but  this  cannot  have  been  a  very 
important  factor  in  their  production,  as  there  is  no  reason  to  believe  that  the  rise  of 
the  •barometer  was  in  any  case  more  than  a  quarter  of  an  inch. 

They  may  also  be  partly  a  result  of  the  concussion  or  shock  which  was  occasioned 
by  the  great  explosion,  and  may  in  this  way  partake  of  the  nature  of earthquake 
waves.  ” 

Our  knowledge  of  the  extent  and  magnitude  of  the  changes  which  have  taken 
place  on  the  sea  bottom  around  the  Windward  Islands  is  at  present  unsatisfactory. 
It  may  be  regarded  as  highly  probable  that  the  loose  material  lying  on  the  steep 
submarine  slopes  on  both  sides  of  the  islands  has  been  set  in  motion,  and  has  slipped 
downwards  over  considerable  areas.  The  subsidence  at  Wallibu  can  hardly  be  the 
onl}?-  case  in  which  this  has  occurred.  Interesting  evidence  on  this  point  is  given 
in  a  letter  by  Mr.  C.  B.  Cruickshank  to  Professor  John  Milne,  F.E.S.,  from 
which  we  take  the  following  ; — 

“  I  regret  exceedingly  that  the  amount  of  information  which  I  can  give  you  as  to  changes  in  ocean 
depths  off  Martinique  and  St.  Vincent  is  practically  nil. 

“  During  the  time  I  was  out  in  the  West  Indies  after  the  eruptions  we  did  not  attempt  to  tackle  an}^ 
repairs  off  Martinique.  The  greater  part  of  the  time  was  occupied  with  cables  off’  St.  Vincent,  and  the 
first  cable  we  tackled  was  one  which  was  laid  in  1898.  As  no  soundings  were  taken  in  this  line  before 
the  laying  of  the  cable,  and  this  was  the  first  break  that  had  occurred,  it  is  difficidt  to  say  whether  or 
not  the  depths  were  changed. 

“  As  to  the  other  cable,  the  one  between  St.  Lucia  and  St.  Vincent,  we  found  no  great  alteration  in  the 
soundings,  and  what  little  difference  we  did  find  may  have  been  due  to  errors  in  taking  the  soundings,  for 
we  had  very  strong  currents  to  contend  with,  making  accurate  sounding  difficult. 


*  ‘  Comptes  Rendus,’  vol.  cxxxv.,  p.  390. 
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“  It  might  be  interesting,  however,  for  you  to  know  in  what  state  we  found  the  former  of  these  two 
cables — viz.,  the  one  between  St.  Lucia  and  Grenada.  This  cable  passes  off  the  island  of  St.  Vincent, 
running  in  an  almost  north  by  east  and  south  by  west  direction,  and  passing  off  the  Soufriere  at  its 
nearest  point  to  the  centre  of  the  crater  at  a  distance  of  about  16  miles.  The  cable  was  hooked  about 
21:  miles  in  a  direct  line  from  the  crater  (towards  St.  Lucia),  and  a  remnant  picked  up  towards  Grenada, 
after  buoying  St.  Lucia  side,  about  a  mile  in  length.  The  first  part  of  this  came  up  in  a  good  condition, 
but  the  balance  came  up  in  variable  condition,  in  some  places  almost  all  the  sheathing  wires  being  cut 
through,  as  if  by  the  sharp  edge  of  a  heavy  rock  coming  down  on  it,  and  in  lots  of  places  twisted  and 
knotted  in  a  very  similar  manner  to  that  shown  in  Fig.  8  of  your  paper  on  ‘  Suboceanic  Changes.’ 

“  For  a  considerable  distance  from  this  break  the  cable  seems  to  have  been  either  buried  or  carried 
away  out  of  position ;  at  all  events,  we  failed  to  hook  it  or  feel  any  signs  of  it  till  we  were  down  almost 
due  west  of  Grand  Bonhomme.  In  grappling,  the  grapnels  were  found  to  have  been  ploughing  deep  in 
soft  grey  mud,  lots  of  which  came  up  on  the  teeth,  with  occasional  particles  of  a  bright  red  coloiir.” 

We  may  reasonably  expect  that  if  there  has  been  extensive  and  sudden  displace¬ 
ment  of  the  sediments  on  the  sea  floor,  as  is  indicated  apparently  by  the  condition 
of  the  cables,  they  would  have  been  attended  by  sea  waves  of  greater  or  less 
importance. 

It  is  interesting  in  this  connection  to  note  that  on  the  5th  May,  when  the  crater 
/ 

lake  of  the  Etang  Sec  burst,  and  a  deluge  of  mud  poured  down  the  Riviere  Blanche 
and  buried  the  Usine  Guerin,  there  was  a  distinct  sea  wave  which  did  some  damage 
at  the  mouth  of  the  stream.*  As  no  black  cloud  was  emitted  in  this  case,  this  wave 
cannot  have  been  caused  by  its  action,  but,  as  stated  by  the  French  Commissioners,  a 
line  of  fissures  has  formed  almost  exactly  along  this  radius  of  the  mountain,  and 
submarine  movement  may  have  taken  place  and  given  rise  to  a  sea  wave. 

But  these  causes  are  not  sufficient  in  themselves  to  account  for  all  the  phenomena, 
and  in  particular  for  the  great  disparity  in  magnitude  between  the  waves  observed 
in  St.  Pierre  and  Chateaubelair.  Some  additional  and  local  factor  must  be  in  opera¬ 
tion,  and  this  is,  in  all  probability,  the  direct  action  of  the  great  black  cloud  on  the 
surface  of  the  sea.  The  avalanches  of  dust  and  gases  which  are  emitted  by  Pelee 
roll  right  down  the  slopes  of  the  mountain  upon  the  bay  beneath,  driving  back  its 
waters  by  their  weight  and  momentum.  So  great  a  mass  of  matter  sweeping 
downwards  with  so  high  a  velocity  must  certainly  have  a  considerable  effect  in 
disturbing  the  hydrostatic  ec|uilibrium  of  the  sea  surface,  and  must  start  a  local 
wave  which  travels  outwards  in  all  directions.  | 

In  St.  Vincent  the  avalanche  of  dust  is  discharged  over  the  southern  lip  of  the 
crater,  and  rolls  down  into  the  broad  valley  between  the  Soufriere  and  Morne  Garu. 
Its  onward  course  is  obstructed  by  the  latter  mountain,  and  its  current  is  split  into 
two  parts,  one  taking  the  direction  of  the  Rabaka  Valley  to  windward,  the  other 

*  Lacroix,  Rollet  de  l’Isle,  &  Giraud,  “  Sur  I’Eruption  de  la  Martinique,”  ‘  Comptes  Rendus,’ 
vol.  cxxxv.,  p.  390. 

t  We  find  that  this  suggestion  has  previously  been  made  by  Professor  Israel  C.  Russell,  ‘  Century 
Magazine,’  vol.  Ixiv.,  p.  800,  September,  1902. 
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jjassing  to  leeward  by  Wallibu.  Before  they  reach  the  coast  most  of  their  energy  is 
spent,  and  their  velocity  so  greatly  diminished  that  the  black  cloud,  when  it  flowed 
out  over  Richmond  Village,  was  travelling  at  the  rate  of  only  30  miles  an  hour,  and 
did  not  produce  any  great  disturbance  in  the  level  of  the  sea  surface,  while  that  which 
passed  over  the  mouth  of  the  Riviere  des  Peres  at  St.  Pierre  had  a  velocity  of  at 
least  100  miles  aii  liour.  Under  the  circumstances  it  is  not  difficult  to  believe  that 
the  one  may  have  had  very  much  greater  effect  upon  the  level  of  the  waters  than  the 
other. 

Magnetic  Disturbances. 

We  understand  from  the  reports  of  Professor  Lacroix  and  his  colleagues,  and  of 
Professor  that  at  several  observatories  magnetic  disturbances  have  been  noted 

corresponding  in  time  to  certain  of  the  eruptions  of  this  spring.  As  we  are  not  in 
possession  of  any  special  information  regarding  these  observations,  it  is  not  j^ossible 
for  us  to  discuss  them  in  this  Report. 


THE  GENERAL  SEQUENCE  OF  VOLCANIC  PHENOMENA  IN  THE 
ANTILLES  AND  CENTRAL  AMERKW  IN  THE  EARLY  PART  OF  1902. 

The  disturbances  in  St.  Vincent  which  cidminated  in  the  eruptions  of  Pelee  and  the 
Soufrlere  can  he  traced  l)ack  for  more  than  a  year.  They  began  at  least  as  early  as 
February,  1901,  at  which  time  the  Caribs  were  alarmed  by  the  numerous  earthquakes 
around  tlie  Soufriere.  After  a  temporary  quiescence  they  resumed  in  March  and 
April,  1902.  Montague  Pelee  began  to  emit  steam  about  April  23rd,  thougli, 
according  to  Professor  Jaggar,  who  has  made  a  special  study  of  the  premonitory 
symptoms,  the  water  in  the  crater  lake  was  noticed  to  be  warm  in  January. On 
Ajiril  28th  tlie  violence  of  the  earthquakes  in  St.  Vincent  was  startling. 

On  Apiil  18th — that  is  to  say,  just  before  actual  volcanic  action  was  observed  at 
Martinique — a  powerfid  earthquake  shook  Guatemala,  and  destroyed  the  town  of 
Ruez-Altenanp’o. 

o 

On  May  5  th  the  crater  lake  of  Pelee  hurst,  and  the  Usine  Guerin  was  destroyed. 
On  the  7th  the  great  eruption  occurred  in  St.  Vincent.  On  the  8th  the  city  of 
St.  Pierre  was  destroyed.  It  was  not  till  the  15tli  that  the  Soufriere  of  St.  Vincent 
passed  into  a  state  of  temporary  quiescence. 

The  second  important  eruption  of  the  Soufriere  was  on  the  ISth.  (There  had  been 
a  minor  outlmrst  on  the  9th.)  That  of  Montague  Pelee  followed  on  the  20th. 

In  Martinique  further  outbursts  took  place  on  May  26th  and  June  6th.  There 
was  no  corresponding  activity  in  St.  Vincent. 

*  ‘  Comptes  Rendus,’  vol.  cxx.xv.,  p.  391  ;  ‘Xational  Geographic  iMagazine,’  vol.  xiii.,  p.  2-5.5,  July,  1902. 

t  ‘Popular  .Science  Monthly,’  1902,  jr  363, 
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On  July  9th,  at  8.20  r.M.,  Montague  Pelee  broke  again  into  activity.  That 
afternoon  there  were  several  earthquakes  in  St.  Vincent,  so  severe  as  to  cause  great 
apprehension. 

In  the  end  of  August  there  was  renewed  activity  at  Pelee,  and  on  the  i5th,  28th, 
and  30th  of  that  month  and  September  3rd  there  were  eruptions.  On  September  1st 
and  September  3rd  the  SoufriO’e  w^as  active,  the  latter  especially  being  one  of  the 
greater  eruptions  of  this  year. 

These  facts  are  sufficient  to  show  that  a  distinct  connection  exists  between  the 
outbursts  of  these  two  mountains  during  the  present  year.  The  eruptions  of  the 
Soufriere  have  sometimes  followed,  sometimes  preceded,  those  in  Martinique,  but,  as 
a  rule,  the  greater  eruptions  of  the  one  volcano  have  been  accompanied  by  eruptions 
at  the  other  within  a  jDeriod  of  one  or  two  days.  The  outbursts  of  Pelee  have  been 
more  numerous  than  those  of  the  Soufriere.  In  particular,  those  of  the  end  of 
May,  of  June,  and  of  July  had  no  corresponding  eruptions  in  the  sister  island, 
l)ut  though  more  frequent  they  have  been  of  less  magnitude,  and  have  produced 
less  wddespread  effects.  Pelee  has  also  been  more  constantly  in  action  of  a 
subordinate  kind  during  the  intervals  between  the  major  eruptions. 

Some  general  cause  underlying  the  volcanic  activity  is  required  to  explain  the 
synchronism  in  the  superficial  phenomena.  It  is  to  be  found  in  the  existence  (fi* 
internal  pressures  and  stresses  in  that  part  of  the  earth’s  crust,  of  which  the  Carihl)ean 
fold  is  one  of  the  dominant  ridges.  The  volcanic  chain  of  the  Windward  Islands 
occupies  the  summit  of  one  of  the  great  earth  folds  of  this  region. 

Great  earth  movements  have  taken  place  around  the  Caribbean  Sea  in  Tertiary 
times,  and  are  still  in  progress.  It  is  in  consequence  one  of  the  great  earthquake 
centres  of  the  globe, ^  and  the  connection  wdiich  subsists  between  volcanic  activity  in 
the  volcanoes  of  the  Lesser  Antilles  and  earthquakes  in  the  siuTounding  region  has 
been  emphasised  by  Humboldt  and  by  many  subsequent  writers. 

Although  there  is  apparently  no  record  of  great  eaiTliquakes  having  attended  the 
eruption  of  the  Soufriere  in  1718,  that  of  April  24th,  1812,  was  preceded  by  a  most 
violent  earthquake  in  Venezuela  on  March  26th  of  that  year.  The  city  of  Caracas 
was  levelled  with  the  ground,  and  it  is  estimated  that  10,000  of  its  inhabitants 
perished. t  The  disturbances  had  begun  about  tliree  months  previously  (in 
December,  1811),  and  were  not  confined  to  Venezuela,  but  affected  also  a  wide 
area  of  Central  and  North  America.  In  tlie  valleys  of  the  Mississippi  and  the 
Ohio  there  were  numerous  earthquakes  from  December  16th,  1811,  onwards,  In 
St.  Vincent  over  200  shocks  were  counted  during  the  twelve  months  liefore 
the  eruption.']; 

*  See  Professor  J.  Milne’s  Seismic  Map  of  the  Globe,  ‘Geographical  Journal,’  January,  1903. 

t  Humboldt,  ‘Personal  Narrative  of  Travels  to  the  Equinoctial  Regions  of  the  New  Continent,’ 
English  translation  by  Mrs.  Williams,  vol.  iv.,  chap.  1. 

\  Humboldt,  o/i.  cit.,  vol.  ii.,  p.  231. 
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In  1880  there  were  symptoms  of  activity  at  the  Soufriere  of  St.  Vincent,  and  an 
outl)urst  occurred  in  Dominica  on  January  4th.*  Many  earthquakes  were  felt 
about  that  time  along  the  chain  of  the  Greater  Antilles.  On  January  22nd  there 
were  several  shocks  in  Havana ;  others  were  felt  in  Cienfuegos,  San  Diego,  and 
Santiago,  and  the  town  of  San  Cristohal  was  almost  destroyed.!  From  December  21st, 
1879,  to  January  10th,  1880,  there  was  seismic  disturbance  in  San  Salvador,  and  on 
February  5th  several  earthquakes  were  reported  from  Mexico.^ 

The  eruption  of  Montague  Pelee  in  1851  was  perhaps  connected  with  the  great 
earthquake  which  shook  Chili  on  April  2nd  of  that  year.§ 

Humboldt  lias  given  many  interesting  facts  to  confirm  his  hypothesis  that 
earthquakes  and  volcanic  activity  in  this  region  go  hand  in  hand.  In  1692  Port 
Royal,  in  Jamaica,  was  destroyed,  and  the  volcano  of  St.  Kitts  was  in  eruption.  In 
1766  there  was  a  violent  earthquake  in  Cumana,  Venezuela,  and  many  shocks  were 
felt  in  Jamaica,  Trinidad,  and  the  Lesser  Antilles.  Qualibou,  in  St.  Lucia,  burst 
into  activity.  In  1796  there  was  a  tremendous  earthquake  in  Quito.  On 
December  14th,  1797,  the  town  of  Cumana  (Venezuela)  was  razed  by  a  terrible 
shock.  On  September  27th,  1796,  an  eruption  took  place  in  Guadeloupe.  In  1800, 
1801,  and  1802  many  earthquakes  were  felt  in  Maracaibo,  Porto  Cabello,  and  Caracas, 
and  in  February,  1802,  volcanic  activity  broke  out  in  Guadeloupe.  |i 

The  connection  between  earthquakes  and  volcanic  activity  is  further  emphasised 
by  the  fact  that  in  Guatemala  a  violent  earthquake  took  place  on  April  18th,  1902, 
just  before  Montague  Pelee  began  to  emit  steam.  This  earthquake  was  recorded  on 
the  seismographs  in  the  Isle  of  Wight.^  It  was  most  severe  in  western  Guatemala, 
hut  affected  also  Salvador  and  Honduras.  Quezaltenango  was  destroyed,  and  about 
500  lives  were  lost,  and  extensive  damage  was  done  to  the  coffee  and  sugar 
plantations  in  all  the  surrounding  district.'"''" 

Further  earthquakes,  attended  by  eruptions,  followed  in  October,  and  the  excep¬ 
tionally  long  duration  of  the  disturbances  in  Martinique  and  St.  Vincent  during  this 
year — to  which  there  is  no  pmallel  in  the  history  of  the  Antilles — is  to  be  ascribed 
to  the  continuance  of  crustal  adjustments  affecting  the  whole  borders  of  the 
Caribbean  Sea. 

*  H.  Alford  Xicholls,  ‘  Xature,’  vol.  xxi.,  1880,  p.  372. 

t  ‘Xature,’  vol.  xxi.,  1880,  pp.  306  and  357. 

J  ‘Xature,’  vol.  xxi.,  1880,  p.  452. 

§  J.  Milne,  “  Seismological  Observations  and  Earth  Physics,”  ‘  Geographical  Journal,’  January, 
1903,  vol.  xxi.,  p.  14. 

|]  Humboldt,  ‘Personal  Xarrative  of  Travels  to  the  Equinoctial  Regions  of  the  Xew  Continent,’ 
vol.  iv.,  chap.  i.  English  Translation  hy  Mrs.  tViLLiAMS.  See  also  Professor  Milxe,  as  above, 
‘Geographical  Journal,’  vol.  xxi.,  pp.  12-15,  January,  1903. 

^  Professor  J.  Milne,  ‘Xature,’  vol.  IxH.,  p.  57. 

**  Edwin  Rockstroit,  ‘  Xature,’  vol.  Ixvi.,  p.  150  ;  Karl  Sapper,  Petermann’s  ‘  Mitteilungen,’ 
vol.  xlviii.,  p.  193. 
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Tlie  minor  earthquakes  are  local,  and  more  probably  due  to  tlie  changes  beneath 
the  volcano  before  an  outburst  takes  place.  It  is  significant  in  this  respect  that  on 
July  9th,  though  there  was  no  discharge  from  the  crater  of  the  Soufriere,  that 
mountain  showed  its  sympathy  with  the  eruption  in  Martinique  by  means  of  strong 
earthquake  shocks. 

No  earthquakes  of  great  violence  have  been  experienced  this  year  in  Martinique, 
St.  Vincent,  and  St.  Lucia,  though  small  shocks  were  frequent.  In  Trinidad  the 
Milne  seismograph  in  the  Botanic  Gardens  has  shown  none  but  small  disturbances. 

In  Montserrat,  since  the  year  1896,  earthquakes  have  been  very  frequent;  in 
fact,  it  is  said  that  they  have  been  of  almost  daily  occurrence,  and  in  some  cases  as 
many  as  100  have  been  counted  in  one  day.t 

It  is  apparently  a  matter  of  indifference  which  of  the  volcanoes  of  the  chain  is  in 
o2:)eration  ;  one  ajDjDears  to  he  able  to  function  in  place  of  the  others.  The  jirevious 
eruptions  of  lire  SoufriMe  and  Montague  Pelee  did  not  coincide  in  ^roint  of  time,  and 
that  both  have  this  year  been  in  violent  action  further  ^U'oves  the  unusual  magnitude 
of  the  changes  in  progress  in  that  part  of  the  earth’s  crust. 

Nowhere  along  the  Caribbean  islands  have  changes  of  level  been  jjroved  to  have 
taken  place  iqron  the  coasts.  Sensational  paragraphs  have  been  irublished  I'egarding 
alterations  in  the  soundings,  but  they  are  jrrobably  unreliable.  The  finquent 
ruptures  of  the  submarine  cables,  however,  are  sufficient  to  prove  that  there  has 
been  disturbance  on  the  sea  bottom. 

Concomitant  Activity  in  the  Adjacent  Islands. 

In  the  other  islands  of  the  Lesser  Antilles  there  has  been  remarkably  little 
disturbance.  In  St.  Lucia,  which  lies  between  Martinique  and  St.  Vincent,  and 

which  contains  a  volcano — Qualibou — which  is  said  to  have  been  erupted  in  1776, 

jiothiug  unusual  has  been  noted,  except  a  slightly  increased  activity  at  the  Soufriere 
in  the  south  end  of  the  island. 

It  is  j3ossible  also,  as  will  be  seen  from  the  following  rejjort  by  Major  Hodder,  B.E., 
that  some  submarine  activity  has  taken  jjlace  off  Castries.  He  writes  ; — 

“On  Friday,  the  9th  instant,  about  12  noon,  I  observed  two  huge  white  patches  on  the  sea,  bearing 
about  294°  from  the  Garrison  Office  at  Morne  Fortune.  They  were  at  a  distance  (estimated  by  vaiious 
persons)  of  8,000  to  10,000  yards.  These  patches  remained  in  the  same  position  in  sight  till  about 

1..30  P.M.,  when  they  disappeared.  At  first  I  considered  they  were  floating  pumice-stone,  l)ut  soon  came 

to  a  different  conclusion  when  I  saw  they  did  not  shift  their  position  to  any  extent ;  besides,  they  gave 
the  appearance  of  bubbling.  The  patches  were  irregular  in  shape,  but  approximating  to  oval.  The  large 
patch  was  perhaps  150  yards  long  and  100  in  diameter ;  the  smaller  one,  say  100  long  and  60  in  diameter. 
They  were  distant  from  each  other  by  about  half  a  mile. 


*  Botanical  Department,  Trinidad,  ‘Bulletin  of  Miscellaneous  Information,’ -July,  1902,  p.  450. 
i  Emil  Deckert,  “  Die  Westindische  Vuikankatastrophe  und  ihre  Schaupliitze,”  ‘  Zeitsch.  d.  Gesell. 
fill'  Erdkunde.  Berlin,’  1902,  p.  420. 
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“  Staff-Sergeant  Crowiiurst,  R.E.,  states  he  saw  these  patches  at  8.30  a.m.  on  the  same  day,  and  that 
they  never  shifted  their  position  until  they  disappeared  at  1.30  p.m.  All  this  leads  me  to  conclude  that 
a  volcanic  vent  exists  in  the  sea  at  this  point. 

“  On  the  following  day  I  think  I  detected  a  slight  white  patch  of  a  similar  sort  in  exactly  the  same 
place,  but  am  not  certain  of  this.” 

Grenada. — It  having  been  reported  that  the  lagoon,  a  sheet  of  water  connected 
with  the  “  carenage  ”  or  harbour  of  Grenada,  had  shown  signs  of  volcanic  activity, 
Dr.  ANDERSOisr,  at  the  request  of  Sir  R.  Llewelyn,  the  Govei'nor,  visited  the  locality. 

The  lagoon  is  a  nearly  circular  sheet  of  water  about  a  quarter  of  a  mile  iu 
diameter  and  about  25  feet  deep  in  the  centre,  to  the  south-east  of  the  carenage,  and 
connected  to  it  by  a  shallow,  narrow  channel  about  an  eighth  of  a  mile  wide  and  onlv 
a  few  feet  deep.  As  shown  in  Plate  XVI I. ,  fig.  1,  it  is  almost  surrounded  by  hills, 
arranged  in  a  manner  that  certainly  at  first  sight  suggests  a  similaritv  to  an  old 
volcanic  crater. 

They  are  all  composed  of  beds  of  volcanic  material,  chiefly  if  not  entirely  scoria 
and  ashes  consolidated  into  tuffs  and  agglomerates.  Closer  examination,  however, 
soon  showed  that  the  bedding  does  not  follow  the  slopes  of  the  surface,  or  even  dip 
with  any  apparent  reference  to  the  centre  of  the  lagoon.  Many  of  the  beds  can  also 
be  traced  into  the  massif  of  other  surrounding  hills,  which  obviously  owe  their  present 
shape  to  denudation,  and  not  to  the  mode  of  deposition  of  the  beds.  We  therefore 
conclude  that  the  lagoon  and  surrounding  hills  ov'e  their  configuration  to  the  same 
general  causes,  and  are  not  a  cratei'. 

Pere  Labat,  who  visted  Grenada  in  1705,  gives  a  map  in  his  book,  ‘  Voyage  aux 
Isles  d’Amerique,’  in  which  the  then  town  is  shown  on  an  isthmus  between  the 
carenage  and  the  lagoon.  The  lagoon  at  that  time  ap|Dears  to  have  contained  oidy 
fresh  water,  and  a  brook  throuo-h  its  isthmus  was  its  onlv  connection  with  the 
carenage. 

About  the  middle  of  the  eighteenth  century  the  town  was  removed  to  the  opposite 
side  of  the  carenage,  and  the  isthmus  became  submerged,  and  remains  as  a  reef. 
As  this  was  the  exact  position  of  the  disturbance  in  May,  1902,  referred  to  below, 
it  seemed  desirable  to  ascertain  the  particulars  of  this  submergence.  The  island 
was  at  the  time  in  the  occujDation  of  the  French,  and,  through  the  good  offices  of 
the  Colonial  and  Foreign  Offices,  the  French  Government  have  caused  a  search  to 
be  made  in  their  archives,  but  without  throwing  any  light  on  the  subject. 

It  having  been  reported  to  us  that  some  sort  of  a  volcanic  eruption  took  place  in 
the  carenage  of  Grenada  about  1867,  we  asked  the  authorities  at  the  Colonial  Office 
that  search  might  be  made  in  the  records  of  that  office  for  any  entry  hearing  on  the 
subject.  Such  search  was  made,  and  we  were  very  courteously  allowed  to  inspect 
tile  original  documents,  which  were  chiefly  cuttings  from  the  newspapers  of  the 
period.  As  they  are  correctly  summarised  in  the  following  e.xtract  from  ‘  The 
Grenada  Handbook  for  1897,’  it  is  unnecessary  further  to  particularise  them  : — 
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“  1867. — On  November  18th  Grenada  gave  proof  of  her  volcanic  origin  and  tendencies.  Between 
5  and  5.20  o’clock  p.m.  the  sea,  having  been  previously  very  calm,  a  sudden  subsidence  of  the  waters  in 
the  St.  George’s  Harbour  took  place,  the  sea  falling  about  5  feet,  and  exposing  the  reef  in  front  of 
the  lagoon  and  the  adjacent  shores.  In  a  few  seconds,  with  a  slight  rumbling  noise,  the  water  over 
the  ‘  Green  Hole  ’  (a  spot  between  the  old  watering  pipe  for  ships  known  as  the  ‘  Spout  ’  and  the 
opposite  point  on  the  north)  began  to  boil  and  emit  sulphurous  vapour.  This  part  of  the  harbour, 
it  should  be  remarked,  was,  in  the  days  of  the  French  settlement,  an  excellent  anchorage  and  careening 
ground,  but  there  was,  at  the  time  of  this  eruption,  as  there  is  now,  hardly  3  feet  of  water  on  it,  showing 
that  there  has  since  been  an  upheaval  of  the  land  in  that  vicinity.  Immediately  after  this  ebullition 
of  the  ‘  Green  Hole  ’  the  sea  in  the  harbour  rose  rapidly  to  about  4  feet  over  its  normal  high-water 
mark,  and  rushed  violently  up  to  the  head  of  the  carenage.  The  phenomenon  was  three  or  four 
times  repeated,  and  great  damage  was  done  to  buildings  and  boats,  but  no  lives  were  lost.  The 
mason  work  of  the  ‘  Spout,’  which  projects  into  the  sea,  was  completely  demolished,  presenting  the 
appearance  of  having  been  twisted  round  in  a  whirlpool,  and  the  ‘  Green  Hole,’  which  was  very  deep, 
was  completely  filled  up. 

“  The  wave  was  experienced  along  the  western  seaboard  as  far  north  as  the  town  of  Gouyave,  where 
it  appears  to  have  attained  its  maximum  dimensions,  rising  so  high  at  Dougalston  Estate  as  to  cover 
the  bridge  at  the  mouth  of  the  river  and  inundate  the  adjoining  cane  fields. 

“  At  9  P.M.  there  was  a  shock  of  earthquake,  and  another  at  1  A.M.  on  the  following  morning, 
the  motion  being  perpendicular  in  both  cases. 

“  It  should  be  noted,  in  connection  with  this  eriq^tion,  that  at  2.40  p.m.  on  the  same  day,  at  the 
island  of  St.  Thomas,  there  was  a  severe  earthquake,  followed  by  an  enormous  tidal  wave,  fully  50  feet 
high,  and  that  there  was  concurrently  a  volcanic  outbreak  at  the  neighboming  island  of  Little  Saba, 
which  emitted  smoke  and  lava.” 

Though  both  the  writers  of  the  original  articles  and  of  the  handbook  appear  to 
liave  thotight  that  the  disturbance  referred  to  was  due  to  some  volcanic  action  in  or 
about  the  Green  Hole,  it  is  clear  to  anyone  carefully  reading  the  records  or  the  above 
summary  that  the  actual  fact  was  a  tidal  wave  originating  in  the  neighbourhood  of 
Little  Saba  and  St.  Thomas,  and  affecting  in  a  less  degree  the  shores  of  the  island  of 
Grenada. 

The  harbour  of  St.  George  was  really  less  severely  affected  than  other  parts.  The 
Green  Hole  is  probably  a  submerged  cave  extending  some  distance  underground,  and 
the  water  in  it  rushed  out  when  the  level  of  the  water  in  the  carenage  was  lowered 
by  the  tidal  wave.  It  is  almost  inconceivable  that  a  volcanic  outburst  should  have 
taken  place  from  the  Green  Hole  at  the  exact  moment  when  the  water  in  the 
carenage  was  lowered,  and  yet  have  ceased  so  suddenly  as  to  have  allowed  the  hole 
to  be  filled  up  by  the  action  of  the  waves  which  followed  immediately  afterwards. 

If  the  temperature  of  the  water  had  been  taken  by  a  thermometer,  as  was  done  by 
Major  Bayly  on  a  subsequent  occasion,  we  have  no  doubt  the  cause  would  have  been 
found  the  same  in  both  cases. 

The  Disturbances  of  June  6th,  1902. — Incjuiries  on  the  spot  from  Major  Bayly, 
Chief  of  Police,  whose  office  overlooked  the  carenage  opposite  the  entrance  of  the 
lagoon,  and  Mr.  Bichard  Heard,  Superintendent  of  the  Prison,  which  is  situated 
on  the  top  of  a  hill  on  the  opposite  side  of  the  lagoon,  and  whose  house  commands 
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a  full  view  of  it  (both  of  whom  were  eye-witnesses),  elicited  the  fact  that  on 
Friday,  June  6th,  disturbances  were  noticed  more  than  once  in  the  course  of  the 
forenoon  in  the  water  about  the  entrance  of  the  lagoon,  the  appearances  being 
described  as  a  rippling  or  bubbling. 

Major  Bayly  had,  in  consequence,  gone  out  to  the  spot  that  morning,  when,  by 
using  a  thermometer,  he  ascertained  that  there  was  no  rise  of  temperature  in  the 
water.  He  was  good  enough  to  convey  Dr.  Anderson  in  a  boat  to  the  exact  spot 
where  the  ripj^ling  had  been  observed,  when  it  was  found  to  coincide  with  the 
shallow  bar  across  the  mouth  of  the  lagoon,  over  which  the  water  had  a  depth  of  only 
4^  feet,  which  fact  was  verified  by  sounding. 

Further  inquiries  from  the  chief  boatman  to  fhe  Customs  elicited  the  fact  that 
on  the  morning  in  question,  which  was  also  that  of  one  of  the  eruptions  of  Montagne 
Pelee,  the  level  of  the  water  in  the  carenage  rose  and  fell  repeatedly,  at  intervals  of 
about  12  or  15  minutes,  to  a  height  of  about  a  foot. 

We  conclude  that  there  is  no  reasonable  doubt  that  the  currents  set  up  over  the 
bar  by  this  small  tidal  wave  were  the  cause  of  the  disturbance  in  question,  and 
that  it  had  no  connection  with  any  local  volcanic  manifestations. 

Dominica. — After  our  visit  to  Martinique  we  proceeded  to  Dominica,  where  it  was 
reported  that  anxiety  had  been  felt  regarding  the  condition  of  the  Boiling  Lake 
and  the  Grand  SoufriHe.  In  December,  1901,  a  young  man  who  was  on  a  tour 
through  the  islands  and  a  Dominican  boy  were  killed  at  the  lake.  Since  then  it 
had  been  visited  several  times,  and  was  found  to  be  more  active  than  usual. 
Mr.  C.  F.  Branch,  at  the  kind  request  of  the  Administrator,  undertook  to  conduct 
Dr.  Flett  there,  as  the  guides  showed  some  unwillingness  to  face  the  journey. 
Under  his  energetic  and  able  guidance  this  was  successfully  accomplished. 

The  road  from  Bozeau  is  by  Laudat,  a  settlement  in  the  mountains  above  the  town 
at  an  elevation  of  1585  feet.  We  left  before  dawn,  and  rode  along  a  good  though  steep 
and  winding  path.  As  the  sun  rose  over  the  hill-tops  and  broke  through  the  mists 
which  hovered  over  the  ridges  the  scene  was  one  of  superlative  beauty.  The  river 
foaming  in  its  deep  ravine,  the  craggy,  richly-wooded  slopes,  the  waterfalls  over  which 
the  mountain  rivulets  threw  themselves  into  the  valley,  and  the  dark,  dense,  tropical 
forest  which  clothed  the  island,  were  such  as  Dominica  can  show  better  than  anv 
other  of  the  Antilles.  Every  here  and  there  a  pulf  of  steam  would  rise  from 
among  the  trees,  the  sign  of  a  hot  spring  or  Soufri^re,  of  which  there  are  many 
in  Dominica,  so  many  that  the  atmosphere  in  Bozeau  is  often  redolent  of  suljjhuretted 
hydrogen. 

After  leaving  Laudat  we  struck  a  path  through  the  woods,  and  crossed  several 
streams  before  we  emei’ged  on  the  top  of  the  narrow  ridge,  in  which  the  central 
mountain  range  of  the  island  culminates.  Its  altitude  is  2930  feet.  From  this 
we  descended  into  a  valley  on  the  eastern  side.  At  the  head  of  this  lies  the  Grand 
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Soufri^re,  a  cirque  bounded  on  three  sides  by  walls  so  steejJ  as  to  be  almost 
precipitous,  but  open  to  the  north,  where  a  stream,  hot  and  turbid  with  precipitated 
sulphur.  Hows  out  to  make  its  way  to  the  sea.  In  Mr.  Branch’s  opinion  this 
Soufriere  was  more  active  than  usual.  Half  a  dozen  orifices  spouted  steam  and 
boiling  water  into  the  air  with  a  loud  hissing  noise,  like  that  of  a  locomotive.  In 
the  bottom  of  the  pit  no  trees  grew,  and  the  naked  walls  that  overlook  it  showed 
that  the  poisonous  gases  had  entirely  j)i’evented  tlie  growth  of  vegetation,  and  had, 
in  addition,  attacked  the  exposed  rock  surfaces  of  coarse  agglomeratic  tuff,  which 
were  crumbling  away  and  bleached  by  the  acids  in  the  air.  Formerly  there  were 
times  when  these  springs  were  quiescent,  or  only  few  of  them  emitted  steam.  They 
were  now  in  vigorous  activity,  all  puffing  and  casting  up  little  columns  of  mingled 
steam  and  water ;  the  smell  was  overpowering,  and  the  heat  of  the  steam,  with  the 
tropical  sun  beating  down  on  the  bare,  rocky  walls,  made  it  a  place  in  which  one 
did  not  desire  to  loiter. 

We  then  followed  the  stream  down  the  valley,  along  a  jDath  so  seldom  used  that  it 
was  almost  obliterated  by  the  dense  growth  of  calumet  and  razor  grasses,  through  which 
we  waded  up  to  our  necks.  The  whole  of  this  valley  contained  hot  springs  charged 
with  snlphurous  gases  :  lateral  streams  entered  the  main  one — some  cool,  clear,  and 
potable  ;  others  hot,  dirty,  and  laden  with  sulphur.  After  walking  rather  more  than 
half  a  mile,  we  turned  to  the  left  up  a  side  valley,  and,  crossing  a  small  ridge,  we  came 
to  the  famous  boiling  lake. 

It  is  a  cup-shaped  depression,  a  bowl  nearly  circular  in  outline,  perhaps  100  yards 
across,  with  high  bare  walls  of  weathered  tuff  surrounding  it.  At  the  east  and  west 
sides  the  bowl  has  two  deep  notches  in  its  margin.  Through  these,  two  small 
streams  enter  on  the  west — one  pure  and  cool,  the  other  sulphurous  ;  and  on  the  east 
the  effluent  stream  emerges.  It  is,  in  fact,  an  enlargement  of  part  of  the  cliannel 
produced  by  the  action  of  a  powerful  soufriere,  which  has  decomposed  the  rocks 
around  its  orifice,  and  j)roduced  a  funnel-shaped  cavity  through  which  the  stream 
flows,  and  out  of  which  it  washes  all  the  finer  mud  due  to  the  churning  of  the  water 
by  the  uprising  steam.  The  north  and  south  walls  are  perhaps  50  feet  high,  and 
show  the  effects  of  the  acids  generated  by  the  oxidation  of  the  hydrogen  sulphide  in 
their  crumbling  decayed  surfaces. 

The  pool  was  full  of  milky,  greenish  water,  boiling  furiously  towards  its  centre, 
where  it  was  seething  like  a  gigantic  caldron.  The  smell  was  opj^ressive,  especially 
when  the  wind  Idew  towards  us  and  carried  with  it  the  steam  and  gases.  We 
found  that  the  only  danger  was  that  of  being  poisoned  by  the  suljjhuretted 
hydrogen,  and  this  could  only  take  place  in  the  bottom  of  the  depression,  where 
there  was  least  chance  of  the  gases  being  mixed  and  diluted  with  air.  The  deaths 
which  took  place  here  this  sj)ring  were,  in  the  opinion  of  Dr.  Nicholls,  occasioned  by 
the  visitors  having  gone  down  to  the  edge  of  the  water.  They  had  fallen  unconscious, 
and  the  guides  had  been  afraid  to  go  to  their  rescue, 
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The  configuration  of  the  whole  valley  showed  that  it  had  been  eroded  by  running- 
water.  It  contained  no  actual  structural  craters,  only  “  soufrieres,”  rising  apparently 
along  some  line  of  fissure  which  runs  from  the  cirque  on  the  south  along  the 
western  side  of  the  stream  channel.  It  has  been  noted  that  this  year  the  activity  is 
excej^tionally  great,  but  no  sjDecial  violence  has  been  seen  to  accompany  the  eruptions 
of  Pelee  or  the  Soufriere  of  St.  Vincent.'^ 

According  to  the  observations  of  Dr.  Nicholls,!  there  was  in  January,  1880,  a  great 
outburst  from  the  Grand  Soufriere,  which  projected  much  steam  and  fine  broken  rock 
into  the  air.  This  was  carried  before  the  wind,  and  fell  in  Pozeau.  The  trees  around 
the  Soufriere  were  blackened  and  blasted,  and  the  largest  ones  were  projected  to  some 
distance.  Since  then  the  bush  has  never  quite  recovered  its  former  luxuriance  of 

It  is  rejDorted  also  that  in  GuadeloujDe  there  have  been  emissions  of  steam  and  fine 
ashes  from  the  volcano  ;  but  as  so  much  that  has  appeared  in  the  newspapers  is 
imworthy  of  credit,  and  as  we  have  had  no  opportunity  of  verifying  the  statements 
on  the  spot,  we  cannot  say  of  what  nature  the  disturbances  have  been.  This  matter 
will  no  doubt  be  fully  treated  of  by  the  French  Commissioners,  who  have  included 
that  island  in  the  range  of  their  inquiries. 


In  conclusion,  we  desire  to  express  our  indebtednesss  to  the  many  residents  in  the 
British  A¥est  Indies  and  in  Martinique,  who  gave  us  invaluable  assistance  in  pursuing 
our  investigations.  The  Scientific  Commission  was  sent  out,  at  the  suggestion  of  the 
Colonial  Office,  by  the  Ptoyal  Society  of  London,  who  defrayed  Dr.  Flett’s  expenses 
out  of  the  Government  grant  for  scientific  investigations. 

Sir  Bobert  Baxter  Llewelyn,  K.C.M.G.,  Governor  and  Commander-in-Chief  of 
the  Windward  Islands,  and  Sir  Frederic  Mitchell  Hodgson,  K.C.M.G.,  Governor 
of  Barbados,  gave  us  every  facility  for  j^ursuing  our  work,  and  Mr.  Edw'ARD  John 
Cameron,  Administrator  of  St.  Vincent,  Colonel  Dalrymple  Hay,  Administrator 
of  St.  Lucia,  and  Mr.  H.  Hesketh  Bell,  Administrator  of  Dominica,  rendered  us 
great  service  by  taking  charge  of  our  arrangements  in  their  respective  islands. 

In  St.  Vincent  much  information  and  assistance  was  given  us  by  Mr.  F.  W.  Grifeiths, 
Mr.  J.  H.  Preston,  Lieutenant  Bobtnson,  E.E.,  Surgeon-Major  AVills,  E.A.M.C., 
Mr.  T.  M.  McDonald,  Mr.  Henry  Powell,  Mr.  James  E.  Eichards,  the  Eev. 
Mr.  Darrell,  Dr.  C.  AV.  Branch,  Dr.  Dunbar  Hughes,  Dr.  Austin,  Mr.  Porter, 
Mr.  Knowles,  Air.  Eobertson,  Airs.  Kella",  Air.  Isaacs  and  the  officials  in  his 

*  Descriptions  of  the  Grand  Soufriere  and  the  Boiling  Lake  will  be  found  in  F.  A.  Ober,  ‘  Camps 
in  the  Caribbees,’  1880 ;  and  .  GiFFORD  Palgrave,  ‘  L^lysses :  or.  Scenes  and  Studies  in  ^lany  Lands,’ 
1887. 

t  H.  Alford  Xiciiolls,  ‘  Xature,’  vol.  xxi.  (1880),  p.  372 
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district  at  Georgetown,  Captain  Calder  and  the  members  of  the  police  force 
throughout  the  island,  the  Rev.  Mr.  Bell,  the  Rev.  Mr.  Leslie,  and  many  others 
whom  space  will  not  allow  us  to  mention. 

The  planters  and  merchants  with  whom  we  came  in  contact  in  every  case  did 
everything  they  could  to  help  us,  and  the  numerous  replies  which  we  received  to  our 
printed  schedule  of  inquiries  have  very  largely  been  embodied  in  the  text  of  this 
report,  and  acknowledgment  made  of  the  sources  from  which  the  information  was 
derived.  We  desire  to  thank  all  those  who  have  in  this  and  other  ways  enabled  us 
to  collect  the  data  on  which  our  report  is  founded. 

From  St.  Lucia,  Major  Hodder,  R.E.,  has  sent  us  many  interesting  details  of  his 
observations  during  the  whole  period  of  the  eruptions. 

Dr.  Morris,  head  of  the  Imperial  Dejiartment  of  Agriculture  for  the  West  Indies, 
has  sujiplied  us  with  much  important  scientific  information  ;  and  the  officials  of  his 
department,  both  in  Barbados  and  throughout  the  islands,  have  forsvarded  to  us 
valuable  material,  and  have  been  of  the  greatest  assistance  to  us  in  many  ways. 

We  wish  to  acknowledge  also  the  information  given  us  by  Bishop  Swaby,  of 
Barbados,  and  by  the  Rev.  N.  B.  Watson, 

In  Dominica,  Dr.  H.  Alford  Nicholls,  C.M.G.,  placed  at  our  service  his  Intimate 
knowledge  of  the  island  and  the  history  of  its  eruptions,  and  Mr.  G.  F.  Branch,  at  the 
kind  request  of  the  Administrator,  made  the  necessary  arrangements  for  visiting  the 
Boiling  Lake.  To  Mr.  Porter,  of  the  West  India  and  Panama  Telegraph  Company, 
we  are  indebted  for  the  barographic  tracings  reproduced  in  the  text  {Fig.  3), 
Dr.  Tempest  Anderson  was  hospitably  entertained  by  Mr.  Duncan  Naish,  Picard, 
and  Mr.  J.  Sowtray. 

Our  best  thanks  are  due  to  M.  L’Huerre,  the  Governor  of  Martinique,  who 
received  us  with  great  courtesy,  and  to  Professor  A.  Lacroix  for  the  kindness  with 
which  he  explained  to  us  the  results  of  his  investigations  in  the  island. 

In  Grenada  Dr.  Tempest  Anderson  wms  most  hospitably  entertained  by  Sir  R. 
Llewelyn,  and  to  that  gentleman  and  his  family,  and  Mr.  Preston,  his  private 
secretary,  his  warmest  thanks  are  due.  He  desires  also  to  thank  Major  Bayly 
and  Mr,  Richard  Heald  for  assistance  on  the  spot,  and  Mr.  Fr.4nk  Rowntree, 
and  Mr.  J.  Bowes  Morrell,  of  York,  for  historical  information,  also  Mr.  C.  P. 
Lucas,  C.B.,  and  Mr.  Walter  Scott,  of  the  Colonial  Office,  for  searching  out 
and  verifying  the  details  in  the  library  of  that  office. 


542 


DRS.  T.  AKDERSOX  AXD  J.  S.  FLETT  OX  THE  ERUPTIOXS  OF  THE 


APPENDIX  I. 


Replies  to  our  jniiAed  Schedule,  asking  for  information,  specimens  of  volcanic  ejecta,  or  written 
communications  containing  facts  relative  to  the  eruptions,  have  been  sent  us  by  the  following  ; — 


Dr.  D.  Morris,  C.M.G. 
Bishop  Swahy. 

5Ir.  F.  J.  Xewton,  C.M.G. 
Mr.  John  R.  Bovell. 

Rev.  X.  B.  Watson. 

Mr.  W.  G.  Freeman. 

Mr.  Radclyffe  Hall. 


Mr.  E.  J.  Cameron. 
Mr.  F.  W.  Griffiths. 
Mr.  J.  T.  Preston. 

Mr.  Isaacs. 

Mr.  G.  Gentle. 

Mr.  George  Durrant. 
Rev.  Mr.  Darrell. 

Mr.  Henry  Powell. 
Mr.  T.  M.  McDonald. 
Mr.  Robertson. 

Mrs.  Kelly. 

Mr.  Charles  Knowles. 
Mr.  Proudfoot. 

Dr.  C.  W.  Branch. 

Dr.  Dunbar  Hughes. 
Dr.  W.  Bruce  Austin. 
Mr.  Porter. 


Barbados. 

Dr.  Longfield  Smith. 

Mr.  John  W.  Kirkham. 

Mr.  J.  J.  O’Donnell. 

Captain  Owen. 

Mr.  Lewis  B.  Brown. 

Mr.  H.  Maxwell- Lefroi’^. 

Mr.  Skeete. 

St.  Vincent. 

Mr.  J.  C.  Wilson. 

Mr.  Rowland  Winn. 

’  Mr.  P.  Foster  Huggins. 

i\Ir.  Effingham  Dun,  Owia. 

Mr.  E.  IM.  Browne,  Belair. 

Mr.  A.  L.  Darrell,  Kingstown. 

Rev.  Mr.  Bell,  Georgetown. 

Rev.  Mr.  Huckerby,  Chateaubelair. 
Rev.  Mr.  Leslie,  Georgetown. 
Captain  Calder,  Kingstown. 

Mr.  J.  W.  Clarke,  Georgetown. 

Mr.  H.  A.  Allen,  Chateaubelair. 

Mr.  Morgan,  Chateaubelair. 

Mr.  Jos.  W.  Cubbin,  Fancy. 
Sergeant  Ballantine,  Chateaubelair. 
Mr.  Cju’il  Inniss,  Georgetown. 


Mr.  Okell,  Castries. 

Major  Hodder,  R.E. 

Captain  Ford,  Harbour-master. 


St.  Lucia. 

Lieutenant  A.  C.  Robinson,  R.E. 
IMr.  Gerald  Devaux,  Cul  de  Sac. 


Bequia. — The  Rev.  Mr.  Dufius. 


iMONTSERRAT. — i\Ir.  F.  H.  Watkins,  Commissioner. 

St.  Kitts. — ]\Ir.  Hermann  E.  Hobbs.  Dr.  W.  J.  Branch. 


Demerara. — Professor  J.  B.  Harrison. 
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Mr.  T.  Laurence  Roxhurgh. 
Mr.  5Villiam  Fawcett. 

.Mr.  H.  H.  Cousins. 

Mr.  John  D’Aeth. 


Jamaica. 

Mr.  Maxwell  Hall. 

Mr.  S.  T.  Scharschmidt. 
Mr.  J.  F.  Brennan. 


Tkinidad. 


Mr.  S.  4V.  Knaggs. 

Mr.  J.  H.  Hart,  F.L.S. 
Mr.  W.  M.  Gordon. 
Mr.  E.  R.  Smart, 
hlr.  J.  E.  Lickfold. 

Mr.  H.  C.  Warner. 


Mr.  H.  C.  Huggins. 

Mr.  W.  C.  Nock. 

Mr.  J.  F.  A.  Redhead. 
Mr.  T.  J.  Potter,  F.L.S, 
Mr.  J.  Haynes. 


Dominica. 


Dr.  H.  Alford  Nicholls,  C.M.G. 
Mr.  G.  F.  Branch. 

Mr.  Porter. 

Mr.  Bellot,  Soufriere. 


Mr.  Duncan  Naish,  Picard. 
Mr.  J.  Sowtray. 

Mr.  Wm.  Jackson. 

Mr.  C.  S.  Kitching. 


Antigua. 


Mr.  J.  S.  Udal,  Chief  Justice. 


Mr.  Francis  Watts,  F.C.S. 
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Notes  taken  hy  Mr.  T.  il/.  McDonald  on  the  Recent  Eruption  of  the  Soufriere. 

(Iveprinted  from  the  2nd  edition  of  ‘The  Sentry’  newsjDaper,  Kingstown,  St.  Vincent,  May  16th,  1902.) 


Landed  at  beach  of  Eichmond  Vale  Estate  about  6  r.M.  on  the  6th  instant,  and  up  to  this  time  was 
sceptical  as  to  any  eruption  ha'\'ing  taken  place,  as  during  oui'  approach  by  sea  from  Wallilabou  nothing 
unusual  in  aj^pearance  had  been  noticed,  and  the  summit  of  the  Soufriere  tvas  enveloped  in  the  usual 
white  clouds.  Within  a  minute  or  two  of  landing,  however,  someone  exclaimed,  “  Soufriere  bursting 
now,”  and  on  looking  saw  an  enormous  vertical  column  of  white  vapour  being  ejected — practically 
noiselessly — and  was  quite  convinced  that  an  eruption  had  been  and  was  now  taking  place.  People  were 
coming  in  from  the  direction  of  the  mountain  in  an  agitated  condition. 

Went  up  to  Eichmond  Vale  House,  from  which  place  the  summit  of  the  Soufrim-e  is  plainly  seen,  and 
invited  Mr.  jMatiies,  a  German  gentleman  on  a  visit  to  Chateaubelair,  to  come  and  stay  the  night 
and  observe. 

The  following  notes,  taken  by  Mr.  Mathes,  are  inserted  here : — 

“  Txicsday,  6th,  2.40  p.m. — First  appearance  of  white  steam  in  consequence  of  a  noise  like  a  gunshot. 
4  P.M.  the  jreople  arrived  at  Chateaubelair  who  had  fled  from  Eichmond,  and  at  4.30  P.M.  people  from 
Morne  Eonde  came  excitedly  into  Chateaubelair.  At  4.35  p.m.  the  reflection  of  fire  on  steam  clouds  was 
seen  c[uite  distinctly.  5.15  p.ar.,  very  thick  smoke  rising  from  foot  of  the  SoMriere  on  the  right  side  Xew 
Crater.  5.20  P.M.,  reflection  of  fire  in  the  Old  Crater,  and  now  for  the  first  time  to  be  seen — also  issue 
of  the  smoke  from  the  Xew  Crater  at  toj)  of  the  mountain.  5.40  p.m.,  both  smoke  and  steam  clouds 
disappeared,  and  summit  of  mountain  clear  and  clean.  At  6.05  p.m.  there  was  a  new  eruption  with  very 
thick  smoke.” 

Mr.  McDonald  now  continues  his  notes  from  Eichmond  Vale  House  ; — - 

At  about  6.30  p.m.  (6th)  a  greater  discharge  of  vapour  took  place,  with  flame  along  the  whole  rim 
of  the  crater,  forming  a  red,  sj^arkling  line  between  base  of  column  of  vapour  and  rim  of  crater, 
accompanied  by  a  loud  noise.  At  intervals  of  about  two  hours  during  the  night  similar  discharges 
to  the  preceding  took  place,  and  at  midnight  flames  were  seen  from  Chateaubelair  round  the  rim  of 
the  crater. 

Xo  further  observation  was  noted  at  Eichmond  Vale  House  till  shortly  after  6  a.m.  on  the  7th, 
when  a  discharge  took  place  with  the  usual  column  of  thick  vapour,  but  lieneath  this  was  a  much 
shorter  column  of  almost  dense  black,  and  of  a  heavier  nature,  as  it  quickly  subsided  back  into  the 
crater.  This  was  the  first  appearance  noted  of  what  was  probably  solid  matter  being  erupted,  the  white 
vapour  being  no  doubt  vapour  of  water  only.  At  about  7.4  a.m.  an  enormous  high  column  of  white 
vapour  was  ejected,  and  it  may  be  here  mentioned  that  these  tall  columns  rose  in  a  very  short  space 
of  time — say,  about  a  minute — to  heights  of  about  30,000  feet  and  over,  by  comparison  seven  or  eight 
times  the  height  of  the  mountain  (nearly  4,000  feet).  Outbursts  took  jflace  now  at  shorter  intervals,  and 
at  about  10.30  A.M.  the  eruption  became  continuous,  enormous  volumes  of  vapour  reaching  to  a  very 
great  height. 
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11.10  A.M. — At  this  time  thei'e  was  thunder  and  lightning,  showers  of  lihiek  and  heavy  material  could 
now  be  seen  thrown  outwards  and  falling  downwards  from  the  column  of  Avhitish  vapour,  associated 
with  loud  noises  and  more  violent  outbursts.  From  the  commencement  the  Old  Crater  seemed  to  be  the 
scene  of  activity,  but  at  times  it  seemed  as  though  some  of  the  discharges  proceeded  from  what  is  known 
as  the  New  Crater,  a  little  north-eastwards  from  Chateaubelair.  The  area  of  the  escape  of  vapour 
seemed  now  to  be  extending  in  a  direction  corresponding  with  Morne  Eonde  (westward). 

11.15  A.M. — Thunder  and  lightning  still  continuing,  and  associated  each  time  with  a  more  violent 
outburst  from  crater. 

11.35  A.M. — Discharge  still  violent,  and  Old  Crater  appai’ently  the  great  centre  of  activity,  enormous 
volumes  ascending  in  curling  and  whirling  waves,  those  beneath  forcing  those  above  higher  and  still 
higher ;  the  colour  of  the  vapour  now  assuming  a  darker  shade — white  changing  to  light  grey,  and  low, 
rumbling  noises  audible. 

11.40  A.M. — The  edge  of  the  old  crater  was  c|uite  distinct,  but  was  belching  out  over  the  whole  area. 
Flash  and  peal  were  continuous.  The  contour  of  the  whole  mountain  was  unaltered,  and  vegetation  still 
remained  fresh  and  green,  with  one  enormoiis  pillar  of  vapour  overhead. 

12.25  P.M. — Small  vents  seemed  to  be  forming  on  slojtes  near  old  road  facing  Eichmond  Vale,  and  jets 
of  vapour  emitted  from  them ;  then  a  more  violent  outburst,  which  seemed  to  be  extending  the  crater 
westward,  with  dense  black  upheavals  and  rumblings. 

12.35  P.M. — It  seemed  as  if  slope  to  left  of  old  road  up  Soufriere  had  formed  into  fissure,  as  vapour 
was  issuing  from  small  vents,  and  at  12.40  P.M.  these  fissures  were  unmistakable,  and  discharges  from 
crater  were  extended  to  windward. 

12.50  P.M.- — Enormous  outbm’st  through  vent  or  front  of  mountain,  as  far  as  could  be  ascertained,  the 
mountain  being  largely  enveloped  in  vapour,  &c. 

1  P.M. — There  was  tremendous  roaring,  stones  being  thrown  out  to  windward  thousands  of  feet  high. 

1.15  P.M. — Activity  seemed  shifting  to  windward  and  Wallibu  Eiver  Valley  direction,  the  eruption 
continning  unabated  in  violence. 

At  1.25  P.M.  there  was  still  further  extension  of  activity  in  the  direction  of  Wallibu  Eiver  and  Morne 
Carou  to  right  of  old  road. 

1.30  P.M.— Violent  action  to  right,  with  heavy  falls  of  streams  of  fine  matter  and  black  stones. 

1.32  P.M. — Violent  to  left  also,  with  showers  of  blackish  material.  A  miiucte  afterwards  volumes  of 
vapour  covered  the  whole  area. 

At  1.50  P.M.  there  was  a  black  outburst  to  right,  and  showers  of  large  and  small  stones  shot  eastward 
and  downwards  with  tails  of  fine,  black  matter  following.  These  stones  issuing  from  interior  of  enormous 
column  of  vapour,  thousands  of  feet  above  the  mountain.  Some  large  stones  were  also  seen  falling  from 
thousands  of  feet  up  on  face  of  column  to  westward,  and  some  were  also  seen  falling  from  windward  side. 

1.55  P.M. — Eumbling.  Large  black  outburst  with  showers  of  stones  all  to  windward,  and  enormously 
increased  activity  over  the  whole  area.  A  terrific  huge  purplish  and  reddish  curtain  advancing  up 
to  and  over  Eichinond  Estate.  At  this  stage  left  Eichmond  Vale  House  and  hurried  into  and  pushed 
off  boat  a  few  minutes  after  2  p.m.  Saw  vapour,  as  we  rowed  hard  across  Chateaubelair  Bay,  coming 
down  to  sea  level  past  Eichmond  Point.  Sea  peppered  all  round  with  stones,  one  of  which,  about 
a  cubic  inch,  fell  inside  the  boat,  in  which  were  11  persons.  The  huge  curtain  referred  to  was  advancing 
after  the  racing  boat,  which  never  seemed  likely  to  get  out  of  range  of  it  or  the  falling  stones,  which 
latter  Amried  from  the  size  of  one’s  fist  downward.  All  in  the  boat  felt  that  their  end  was  near,  and 
someone  cried  out,  “  We  are  all  done  for — head  for  shore  ” !  This  was  done,  and  the  boat  beached  between 
Petit  Bordel  and  Rosebank.  Got  on  to  public  road,  Avhere  streams  of  people  were  hurrying  along,  all 
anxious  to  get  to  some  place  of  safety.  The  lightning  and  thunder  at  this  time  was  terrific,  and  there 
were  noises  inland.  Everything  seemed  to  point  to  a  general  break-up  both  on  land  and  on  sea. 
Fortunately,  the  writer  found  a  stray  horse  at  Eosebank,  Avhich  he  mounted  without  a  saddle  and  rode 
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slowly  along  after  the  rest  of  the  party.  On  reaching  Troumaca  Hill  the  bulk  of  the  party  refused  to 
face  the  descent  into  the  ravine,  fearing  darkness  seen  advancijig  from  eastward. 

Small  stones  were  coming  down  all  the  time  in  a  continuous  shower,  and  Troumaca  stream  was  thick 
from  ashes.  At  Cumberland  a  saddle  was  obtained,  and  the  journey  to  AVallilabou  continued  in  bodily 
comfort.  Eeached  the  last-named  place  about  6  P.M.,  and  found  everything  covered  with  dust  from  the 
eruption  nearly  one-eighth  of  an  inch  thick,  and  small  stones  had  also  reached  there.  Hoi’ses  were 
being  despatched  to  Cumberland  to  assist  Captain  Calder  and  Dr.  Hughes,  who  with  all  others  had 
made  a  general  escape  from  Chateaubelair  about  2  p.m. 

8th. — The  next  morning  (8th)  the  writer  returned  to  Chateaubelair  with  the  two  above  mentioned,  also 
Mr.  Mathes,  Mr.  Allen,  and  Mr..C4ENTLE.  Slaty-coloured  vapours  were  still  being  discharged  from 
the  old  crater,  and  on  the  wind  blowing  from  north  showers  of  dust  descended,  and  darkness  set  in, 
producing  general  alarm.  At  2.20  p.m.  the  discharge  of  slaty-coloured  vapoirrs  was  continuous,  but 
the  new  new  crater,  or  some  point  to  the  right,  ajopeared  more  active,  the  volumes  being  denser  and 
blacker. 

9th,  6.50  A.M.^ — ContinuoiLS  rumbling  noise  for  about  half  an  hour,  and  then  an  increased  discharge 
from  crater,  and  steam  and  darker  vapours  appeared  in  large  quantities,  eAudently  from  surface  of  sea, 
and,  as  seen  from  Chateaubelair  Police  Station,  over  Eichmond  Point,  it  was  concluded  to  be  a  discharge 
of  lava.  In  afternoon  tvent  in  police  boat,  with  Captain  Calder  and  Dr.  Hughes,  along  coast  towards 
Wallibu  to  observe,  but  could  not  proceed  further  than  opposite  Eichmond  Estate,  nor  could  a  fimther  view 
be  obtained  than  the  spur  at  which  the  flat  land  of  “  Fraser  ”  terminates.  The  impression  received  was  that 
there  were  about  three  lava  streams  issuing  from  the  same  number  of  ravines  in  sides  of  the  mountain — 
one  at  the  back  of  above-mentioned  sjnu-,  the  next  at  north  side  of  spur  on  which  ran  the  Soufriere 
road,  and  the  third  flowed  through  "Wallibu  Estate.  The  general  level  of  all  the  flat  land  as  far 
as  “  Fraser’s  ”  was  much  raised — by  40  or  50  feet,  more  or  less — and  terminated  in  abrupt,  almost 
vertical,  blufts  at  the  sea,  the  fronts  of  vdiich  frequently  broke  away  and  fell  into  the  sea.  The 
whole  of  the  Eichmond  Village  was  buried  deep  with  lava  or  ashes  (30  feet,  more  or  less;,  the  highest 
being  nearest  to  north  of  Wallibu  Eiver.  Occasionally  discharges  of  vapoiu’  would  take  place  from 
the  furthest  first-mentioned  raDiie,  and  each  was  accompanied  by  a  flash  and  peal  of  lightning  and 
thunder.  Slaty-coloimed  vapours  were  discharged  from  the  crater  continuouslj^  the  whole  day. 

10th. — For  some  time  after  daylight  crater  was  almost  free  from  discharges. 

9.23  A.M. — At  this  time  there  was  a  lofty  grey  outburst,  and  these  continued  with  lessened  force 
throughout  the  day. 

11th. — Discharges  continuous  and  of  the  same  slaty  colour. 

At  about  11  A.M.  left  in  police  boat  with  Captain  Calder  and  others  to  make  further  observations. 
Opposite  Wallibu  the  sea  had  encroached  along  a  length  of  shore  beginning  at  Wallibu  Eiver  to  a  point 
beyond  Wallibu  Woiks.  The  hill  tops  and  crests  of  ridges  had  a  comparatively  thin  covering  of  ashes, 
but  the  “  flats  ”  near  the  sea  and  the  main  river  had  considerable  depths  of  volcanic  matter.  Owing  to 
the  enveloping  vapours,  a  complete  view  of  the  mountain  could  not  be  obtained,  and  it  was  impossible  to 
know  exactly  what  changes  had  taken  place. 

On  the  12th.  and  13th  the  volcano,  although  very  much  quieter,  still  gave  signs  of  agitation  at  irregular 
intervals  by  sluggish  cEscharges  of  slaty  vapours,  accompanied  by  low  rumbling  noise. 

14th. — Dense  cloud  still  over  crater,  but  less  lofty.  Few  small  pebbles  fell  at  Eichmond  Vale.  Towards 
evening  the  summit  was  very  clear,  but  distinct  discharges  of  white  steam. 

15th. — At  9.30  A.M.  there  was  a  slight  escape  of  steam,  otherwise  the  mountain  remained  clear  all  day. 
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On  account  of  the  discrepancy  {see  p.  396)  between  the  narratives  given  by  Dr.  Hovey  and  in  this  Eeport, 
in  respect  of  what  happened  in  the  cellar  at  Orange  Hill  on  the  afternoon  of  May  7th,  we  thought 
it  advisable  to  write  to  Mr.  F.  W.  Geifeiths,  Kingstown,  to  ascertain,  if  possible,  what  were  the  actual 
facts.  We  are  much  indebted  to  him  for  making  further  inquiries,  and  sending  us  the  following 
statement ; — 

Letter  from  Mr.  F.  IF.  Griffiths,  Government  Office,  St.  Vincent,  December  29tJi,  1902. 

“  The  constable  from  Georgetown,  who  was  of  the  first  to  visit  Orange  Hill  cellar  after  the  terrible 
catastrophe,  states  that  he  counted  37  dead  bodies,  and  that  this  was  verified  afterwards.  He  further- 
states  that  18  people  were  in  the  cellar  alive  when  he  arrived,  but  cannot  say  how  many  were  saved, 
as  they  had  nearly  all  come  out,  and  their  ideas  were  so  confused,  in  consequence  of  the  terrible 
experiences  they  had  passed  throirgh,  that  there  were  few,  if  any,  able  to  give  coherent  accounts 
of  what  occurred.  He  is  certain  of  one  thing,  however,  and  that  is  that  the  people  were  killed  in 
consequence  of  the  door  being  open.  Only  those  at  the  door  were  killed. 

“  A  woman  to  whom  I  have  just  spoken  was  in  the  cellar.  She  states  that  there  was  a  large  number 
of  people  in  there  when  the  outburst  occurred — over  150.  About  30  were  killed;  over  100  were  saved. 
Those  killed  were  all  standing  either  just  inside  or  outside  the  door,  which  was  open.  Everyone 

near  the  doorway  were  killed .  She  added  that  if  the  door  had  not  been  open  they  would 

have  been  suffocated,  as  the  windows  were  all  closed,  or,  at  all  events,  the  jfiace  was  shut  in  all  round.” 
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DESCRIPTION  OF  PLATES. 


PLATE  21,  FIG.  1. 

Georgetown  and  the  Carih  Coiinfnj,  St.  Vincent,  as  seen  from  the  TVindward  Itoad,  north  of  Blade  Point,  one  mile 

south  of  Georgetown. 

On  the  roadside  the  old  tuffs  and  agglomerates  are  exposed.  Georgeto^vn  stands  on  a  sloping  plain, 
which  extends  for  several  miles  on  the  east  side  of  Morne  Gam  and  the  Soufriere.  In  the  background  a 
spur  of  the  Soufriere  is  seen,  running  down  towards  Overland  Village,  and  behind  Georgetown  the  land 
rises  in  a  series  of  steejr,  rounded  bluffs.  It  will  be  seen  that  on  the  cliffs  and  the  beach  south  of 
Georgetown  the  trees  were  not  destroyed  b}^  the  eruption. 

PLATE  21,  FIG.  2. 

Chateaubelair  from  the  North. 

The  ^'iew  is  taken  from  the  ridge  which  separates  the  village  from  Eichmond  Vallejn  Sharp  spurs  are 
seen  rnnning  down  to  the  coast,  where  they  form  rockj^  headlands.  Traces  of  old  terraces  are  furnished 
by  the  flattening  of  the  profiles  just  above  the  cliffs.  This  country  was  covered  with  ashes,  but  the 
vegetation  rapidly  recovered,  and  in  the  month  of  June,  1902,  flourished  as  Hgorously  as  before.  The 
fields  behind  Chateaubelair  are  mostly  planted  with  arrovToot. 


PLATE  22,  FIG.  1. 

Section  Exposed  on  the  Sea  Cliffs  on  the  Leeward  Coast,  near  Cumberland. 

To  the  left  are  well-bedded  tuffs  in  horizontal  layers.  These  have  been  cut  into  bj^  a  stream,  and 
a  A'alley  has  been  formed  which,  at  a  later  stage,  has  been  filled  up  Avith  Avater-worn  A’olcanic  conglomerate, 
the  bedding  of  Avhieh  is  discordant  AA’ith  that  of  the  ash  Avhich  forms  the  Avails  of  the  A'alle}'. 


PLATE  22,  FIG.  2. 

Section  Exposed  in  the  Boadside  near  Colonarie,  24  miles  soxdh  of  Georgetown. 

The  rocks  are  Aveathered  to  a  dark  broAvn  earth,  Avhich  contains  stones  of  A'arious  sizes,  and  in  places 
exhibits  a  marked  bedding.  In  this  case  an  ujAper  series  of  inclined  strata  rests  Avith  an  apparent 
unconformity  on  a  loAver  series  Avhich  is  nearly  horizontal. 


PLATE  23,  FIG.  1. 

Explosions  of  Steam  on  the  TVallibu  Biver  after  Bains,  as  seen  from  Sea  View  Cottage,  near  Chateaubelair, 

at  a  distance  of  Two  Miles. 

The  Avhole  vallej"  is  filled  Avith  steam ;  one  explosion  has  just  taken  jrlace,  and  the  cloud  is  ascending  in 
the  air,  expanding  as  it  rises  ;  another  is  floating  to  leeAvard.  Their  height  AA'as  usuall}-  about  2000  feet. 
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PLATE  23,  FIG.  2. 

The  3Iouth  of  the  JFalKbu  River,  St.  Vincent. 

A  gush  of  boiling  mad,  several  inches  deep,  is  rushing  down  the  stream,  and  its  surface  is  steaming 
vigorously.  The  valley  is  eroded  out  of  soft  well-bedded  tuffs.  On  the  left  side,  several  feet  of  new 
ashes  lie  on  the  old  soil.  The  vegetation  is  ruined  by  the  eruption.  A  fan  is  forming  at  the  mouth  of  the 
river,  owing  to  the  amount  of  mud  which  is  being  deposited. 


PLATE  24,  FIG.  1. 

Section  of  the  New  Ash  Deposits  on  the  Sea  Shore,  a  little  south  of  the  hlouth  of  the  JFallibu  River,  St.  Vincent. 

The  ash  has  gathered  here  on  a  low  flat  beach,  which  is  covered  to  a  depth  of  20  to  40  feet.  It  is 
black  on  the  surface  when  wet,  but  is  quite  hot  in  the  interior,  and  is  grey  in  a  few  spots  where  it  has 
dried  after  the  rains.  Deeji  rills  have  been  cut  in  it  by  the  showers.  In  the  background  explosions 
of  steam  are  rising  from  the  river.  On  the  shore  lies  a  charred  tree  truidv.  Richmond  Peak  is  seen 
on  the  right-hand. 


PLATE  24,  FIG.  2. 

Scene  in  Chateaubelair,  St.  Vincent,  showing  the  Contrast  between  the  Country  which  has  been  Spared  and 

that  which  is  Devastated. 

PLATE  25,  FIG.  1. 

Landing  below  Jf^allibu  Plantation,  St.  Vincent. 

Before  the  eruptions  there  was  a  broad,  flat  beach  at  this  place,  and  on  it  stood  a  village  of  labourers’ 
houses  beside  the  public  road.  That  beach  has  disappeared,  and  the  bluffs  which  formerly  rose  behind 
it  now  present  a  vertical  face  to  the  sea.  Large  masses  frequently  fall  from  these  cliffs,  and  a  narrow 
new  beach  has  formed  at  their  base.  Soft  stratifled  tuffs  are  exposed  in  the  cliffs,  and  over  them 
lies  a  deposit  of  new  ashes  from  5  to  10  feet  deep.  The  remains  of  the  chimney  of  Wallibu 
Plantation  are  seen  above  the  boats  on  the  right.  The  valley  of  the  Wallibu  Dry  River  lies  to  the 
left,  and  in  it  the  new  ash  forms  round-backed  mounds.  In  the  background  is  the  Soufriere,  with  the 
Somma  wall  on  the  left  of  the  crater,  the  rim  of  which  is  seen  in  the  centre  of  the  jnctiire. 

PLATE  25,  FIG.  2. 

tJ'allibu  Plantation  IVorks,  Half  Buried  hi  Ashes. 

The  roof  has  collapsed,  but  the  woodwork  is  unburnt.  The  level  ground  is  covered  with  several  feet  of 
ashes,  channelled  by  the  rains.  The  steeper  slopes  behind  have  been  washed  nearly  bare.  The  trees  are 
blasted,  but  not  overturned.  In  the  background  the  Soufriere  rises  to  the  north  of  the  valley  of  the 
Wallibu  Dry  River. 


PLATE  26. 

The  Plantation  Grounds  of  JVallibu,  St.  Vincent. 

The  fields  are  covered  with  a  layer  of  ash,  which  is  several  feet  deep  on  the  flat  grounds,  but  less  on  the 
slopes  behind.  The  surface  is  channelled  with  rain  rills,  the  arrangement  of  which  varies  with  the  slope. 
The  trees  are  blasted  and  stripped  of  their  branches  on  the  side  looking  up  the  valley,  so  that  the  effects 
of  the  blast  and  the  direction  in  which  it  was  travelling  are  clearly  visible. 
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PLATE  27,  FIG.  1. 

The  Burnt-out  Houses  of  IVaUibu,  St.  Vincent. 

These  stood  on  the  ridge  behind  the  plantation  rvorks  {see  Plate  25,  Fig.  2).  They  are  siu’iounded  by 
ashes,  and  the  trees  are  overturned,  but  their  branches  have  not  been  consumed  or  torn  oft'  the  stems. 
Eichmond  Peak  rises  in  the  background. 


PLATE  27,  FIG.  2. 

The  Fields  of  JVcdlibu  Plantation. 

This  view  is  taken  further  up  the  valley  than  Fig.  1  above,  and  shows  an  increase  in  the  amoimt  of 
devastation.  In  the  background  is  a  spur  of  Eichmond  Peak,  on  which  the  forest  is  Iftasted  but  not 
entirely  overthrown.  On  the  naked  side  of  the  valley  a  lava  flow  is  exposed,  capped  by  thick  masses  of 
tuff.  At  the  foot  of  this  slope  the  5Yallibu  is  flowing  through  terraced  accumulations  of  new  ash. 


PLATE  28,  FIG.  1. 

The  Fields  of  TFodlibu  Plantation. 

This  plate  shows  the  remarkable  variety  of  the  sculpturing  of  the  new  ash  by  the  rain  torrents.  The 
trees  are  blasted,  and  in  some  cases  overthrown.  The  direction  in  which  they  have  fallen  indicates 
the  course  of  the  blast. 


PLATE  28,  FIG.  2. 

The  Upper  Part  of  the  JFallibu  Valley,  St.  Vincent. 

The  valley  is  filled  with  a  thick  deposit  of  new  ashes,  still  very  hot  in  the  interior.  It  is  somewhat 
eroded  and  terraced,  but  the  rolling  character  of  the  original  surface  is  still  recognisable.  In  the 
backgroimd  is  a  spur  of  Eichmond  Peak,  with  a  thick  lava  flow  dipping  down  stream.  The  trees 
on  this  slope  are  blasted,  but  still  erect.  In  the  right  foreground  stands  a  small  mud  crater  in  the 
field  of  ashes. 


PLATE  29,  FIG.  1. 

The  Upper  Part  of  the  Valley  of  the  H'allibu  Fiver,  St.  Vincent. 

The  banks  of  the  old  valley  are  seen  on  the  right  of  the  Plate  and  in  the  background.  Xew  hot  ashes 
now  fill  the  gorge,  from  which  they  are  being  eroded  by  the  stream,  and  terraces  have  formed  on  each 
side  of  the  river  and  its  main  tributaries.  After  showers,  the  surface  of  the  ash  is  cold  and  dark  coloured, 
and  rain  may  collect  in  little  pools,  but  the  deej^er  parts  of  the  mass  are  still  intensely  hot,  and,  as  the 
material  dries,  landslips  are  constantly  taking  place  in  the  banks  which  overlook  the  terraces. 


PLATE  29,  FIG.  2. 

The  Fiver  JVallihu,  St.  Vincent,  Erocltng  the  Thick  Deposits  of  Hot  Ash. 

In  the  centre  the  stream,  which  is  nearly  dry,  is  flowing  through  a  deep  gorge  which  it  has  cut 
in  the  ashes.  These  are  dark  on  the  surface  when  wet,  but  grey  when  dry,  and  quite  incoherent,  so 
that  landslides  are  frequent,  and  the  hot,  dry  sand  may  be  seen  tumbling  down  the  cliffs  which  overlook 
the  channel.  These  cliffs  are  40  to  60  feet  high.  On  the  right  the  rolling  character  of  the  origi.ial 
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sui'face  can  still  bo  traced,  and  on  both  sides  the  old  valley  walls  are  seen  covered  with  burnt  forest 
(in  the  middle  distance).  In  the  background  a  spur  of  Richmond  Peak  rises  in  bare  precij^ices,  which 
consist  of  lavas  and  tuffs  in  alternating  series,  dipping  outwards  from  the  centre  of  the  mountain. 


PLATE  30,  FIG.  1. 

Small  Srcnnrla'nj  Crater-pit  in  the  Hot  Sand  Deposits  a  little  narth-east  of  Wallihu  Plantation,  St.  Vincent. 

On  the  left  a  channel  has  been  cut  in  the  new  ashes  by  a  small  rivulet,  which  drains  the  slopes  above. 
In  the  foreground  a  bowl-shaped  depression  in  which  a  little  water  has  gathered,  and,  behind  this,  two 
others  less  perfect  and  dry.  These  are  produced  by  the  explosions  of  steam  which  take  place  when  the 
water  of  the  stream  comes  in  contact  with  the  hot  material  in  the  deeper  parts  of  the  layer  of  recent 
volcanic  ash. 


PLATE  30,  FIG.  2. 

One  of  the  Minor  Bcmnes  on,  the  South-west  Slopes  of  the  Soufriere,  St.  Vincent. 

A  deep,  narrow  gorge  has  been  cut  out  of  the  soft  tuffs  which  form  this  part  of  the  mountain.  It  has 
been  filled  neaidy  to  the  top  with  new  volcanic  ash,  which  has  been  in  large  measure  washed  away  by  the 
stream,  but  a  considerable  thickness  still  remains.  The  upper  surface  shows  well-marked  terraces.  The 
ridges  above  have  received  only  a  thin  coveting,  most  of  which  has  since  been  removed  by  the  rains. 


PLATE  31,  FIG.  1. 

The  ash-covered  cane-fields  of  the  Carib  Country,  with,  in  the  distance,  the  Rabaka  Dry  River  pouring 
dowm  in  flood  after  a  heavy  shower,  and  sending  up  great  clouds  of  steam  as  the  water  comes  in  contact 
with  the  hot  sand  which  fills  the  old  channel.  At  this  level  the  bushes  have  suffered  only  slightly.  The 
layer  of  new  ash  on  the  level  fields  is  eroded  by  the  rains. 


PLATE  31,  FIG.  2. 

The  Upjprr  Part  of  the  Carih  Country,  above  Lot  14,  and  the  Spurs  and  Ravines  at  the  Base  of  the  Soufrihe  on 

the  JVindward  Side. 

The  undulating  surface  of  the  ground  is  covered  with  4  or  5  feet  of  sand,  in  which  the  I'ain  has  rvorked 
a  feather  pattern  of  rills.  The  trees  are  erect,  but  reduced  to  mere  trunks,  without  leaves  or  branches. 
On  the  mountain  behind,  the  ash  on  the  knife-edges  shines  in  the  sun,  and  the  forest  has  been  completely 
overturned  or  destroyed. 


PLATE  32. 

The  Upper  Part  of  the  Valley  of  the  Rahaica  Dry  River  obstructed  by  the  Avalanche  of  Sand. 

Before  the  eruption  this  valley  was  over  200  feet  deep.  It  is  now  nearly  completely  filled  up.  The 
new  ash  has  a  hummocky,  irregular  surface,  and  the  stream  flowing  through  it  has  cut  a  shallow 
channel,  which  in  some  places  is  flanked  by  inconspicuous  terraces.  Between  the  showers  the  flow  of 
water  ceases,  though  the  ash,  where  it  is  wet,  is  freely  steaming.  In  the  background  rise  the  lower  spurs 
of  the  Soufriere  and  IMorne  Garu. 
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PLATE  33,  FIG.  1. 

The  JTIley  of  the  Puibaka  Dry  Paver,  St.  Vincent. 

The  view  is  taken  from  the  north  hank,  looking  south  across  the  surface  of  the  sand  avalanche  towards 
Georgetown.  In  the  foreground  the  dead  trees,  eroded  hy  the  sand  blast  and  stripped  of  their  leaves  and 
branches,  are  seen  on  the  back  of  a  ridge  which  separated  the  main  valley  from  one  of  its  tributaries. 
Beyond  this  ridge  lie  two  great  semicircular  crater-bowls,  out  of  which  explosions  of  steam  have  been 
emitted.  Around  each  of  them  there  is  a  low  cone,  and  the  fields  of  ash  are  covered  with  stones  thrown 
out  of  the  craters. 


PLATE  33,  FIG.  2. 

Nearer  Tlew  of  one  of  the  Crater  Bowls  shown  in  the  'previous  Figure. 

The  dark  and  cold  material  forming  the  cone  of  ejection  is  sharply  defined  from  the  lighter-coloured 
and  hot  ash  of  the  avalanche  beneath.  At  both  sides  of  the  picture  transverse  sections  of  the  low  cone 
surrounding  the  crater-bowl  can  be  seen.  The  ash  fields  around  are  strewn  with  stones.  In  the  back- 
groiuid  the  irregular  surface  of  the  deposit  is  marked  in  places  by  flat-topped  terraces.  The  river  is 
cutting  a  new  gorge  in  the  foreground,  and  on  the  side  of  this  the  explosion  funnels  are  situated. 


PLATE  34,  FIG.  1. 

Lake  of  JFater  occupying  one  of  the  Lateral  Valleys  opening  out  into  the  Main  Channel  of  the  Pabaka  Dry  Paver, 

St.  Vincent. 

The  rolling  surface  of  the  avalanche  of  sand  is  seen  in  the  background.  On  each  side  of  the  picture  the 
cane-fields  of  Lot  14  are  covered  with  several  feet  of  ashes,  but,  as  is  apparent  from  the  state  of  the  bushes 
Avhich  project  above  the  surface,  the  depth  of  the  layer  is  inconsiderable,  when  compared  with  that  of  the 
great  mass  which  blocks  the  valley. 


PLATE  34,  FIG.  2. 

Lake  of  Mud  in  One  of  th,e  Lateral  Valleys  lohich  Open  Out  into  the  Valley  of  the  Pabaka  Dry  Pivei', 

St.  Vincent. 

A  deep,  narrow  gorge  has  been  cut  into  the  soft  bedded  tuffs  which  form  the  southern  part  of  the 
Soufriere.  This  gorge  is  obstructed  at  its  mouth  by  the  sand  avalanche  in  the  main  valle}^,  and  a  lake  of 
mud  has  collected.  The  rains  have  stripped  the  new  ash  from  the  slopes,  except  near  their  base,  but  in 
places  the  irregular  surface  of  the  masses  which  occupied  the  valley  bottom  can  still  be  seen  projecting 
above  the  surface  of  the  mud.  The  forest  which  clothed  the  mountain  is  broken  down  and  destroyed. 
Most  of  it  has  vanished,  only  one  stumjj  remains  erect.  In  the  backgroimd  the  knife  edges  of  the  spurs 
are  shining  as  the  light  is  reflected  from  the  layer  of  fine  ash  which  still  rests  upon  them. 


PLATE  35. 

The  nindward  Slopes  of  the  Soufrihe,  St.  Vincent. 

The  mountain  is  scored  with  deep  ravines,  between  which  lie  sharp-backed  spurs.  On  the  knife  edges 
the  fine  sand  still  remains,  forming  narrow  strips  which  reflect  the  sunlight.  The  flanks  of  the  ridges  are 
almost  cleared  of  the  new  ash,  which  can  be  seen  only  in  scattered  patches.  The  surface  of  the  older 


SOUFRIERE,  AND  ON  A  VISIT  TO  WONTAGNE  PELEE,  IN  1902, 


553 


tuffs  and  agglomerates  is  now  exposed.  In  the  bottom  of  the  valley  the  course  of  the  stream  is  marked 
by  a  layer  of  shining  mud.  Hardly  a  tree  remains  standing,  and  the  prostrate  trunks  lie  parallel,  with 
their  roots  towards  the  crater  and  their  apices  pointing  down  the  slopes. 


PLATE  36,  FIG.  1. 

View  taken  in  the  Streets  of  St.  Pierre,  Martinique,  looking  South  towards  the  Cathedral. 


PLATE  36,  FIG.  2. 

Vieio  taken  in  the  Streets  of  St.  Pierre. 

The  trees  are  broken  and  eroded  by  the  sand  blast.  The  streets  are  filled  with  scoria  and  sand. 
A  stone,  which  has  fallen  from  the  roof  of  a  building  on  the  right,  has  been  caught  on  the  spikes  of 
the  iron  railing,  one  of  which  has  entered  a  hole  made  for  the  reception  of  an  iron  bar. 


PLATE  37,  FIG.  1. 

Grenada. — The  Lagoon  and  Carenage  looking  South  from  Government  Plouse. 

The  lagoon  is  to  the  left,  the  carenage  or  harbour  t'o  the  right.  The  narrow  channel  between  the  two 
is  the  seat  of  the  disturbance  of  June  6th,  1902.  The  Green  LI  ole  is  situated  in  the  carenage  more  in 
the  foreground.  The  vegetation  shows  the  luxuriance  of  growth  usual  in  the  tropics. 


PLATE  37,  FIG.  2. 

The  Crater  Lake  of  the  Soufriere  as  it  ivas  before  the  Eruptions  of  May,  1902.  From  a  Panoramic  Photograpih 

by  Mr.  J.  C.  JJ'ilson,  Kingstown,  St.  Vincent. 

The  mists  hovering  over  the  mountain-tojr  are  reflected  from  the  surface  of  the  water,  except  in  the 
centre  of  the  lake,  where  the  reflection  of  clear  sky  appears.  The  photograph  was  taken  from  the 
southern  lip  of  the  depression. 


PLATE  38. 

Montague  PeUe,  Mariinupie,  as  it  cqopeared  on  the  Evening  of  July  9th,  1902,  emitting  Great  Clouds  of  Steam 

and  Dust,  which  Floated  away  to  Leevxml. 

On  the  right  of  the  picture  the  trade-wind  cloud  is  seen  covering  the  summit,  and  paler  in  colour  than 
that  discharged  from  the  crater.  The  first  black  cloud  rolled  down  the  slopes  a  little  to  the  right  of  the 
centre  of  the  picture. 


PLATE  39. 

^[ap  of  the  North  End  of  St.  Vincent.  Piepiroduced  from  the  British  Admiralty  Chart,  by  permission. 


Aniderson  and  Flett. 


Phil.  Trans.,  A,  vol.  200,  Plate,  21. 


Fig.  1. — Carib  Country,  with  Georgetown. 


Fig.  2. — Chateaubelair. 


biflcrson  and  FIcft. 


Phil.  Trans.,  J,  vol.  200,  Plate.  22. 


Fig.  1. — Clirt  section  near  Ciiinlierlaiid. 


Fig.  2. — ifoadside  section,  Colonarie, 


Anderson  and.  Fiett. 


Phil.  Trans 


1,  vol.  200,  Plate  23 


Fig.  — Steam  explosions  on  Wallilm  Fiver. 
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Anderson  and  Flett 


Phil.  Trans.,  A,  vol.  200,  Plate  24 


Fig.  1. — Shore  section  near  Wallibu  Eiver. 


Fig.  2. — Coast  scene,  Chateaubelair, 


.•i/  ndertton  and  Flntf. 


Phil.  Tr(Ans.,  A,  vol.  200,  Flafe  25 


Fig.’Jl. — Landing,  Wallilai]  I’lantation. 


liiclev.'^on  and  F/rft. 


Phd.  Tran^.,  J,  rol.  200,  Jdafn  26 


Wallilpii  I’laiitatioii  irfouiids. 


J}ide?'son  cwd  Fhtt.  Phil  Trans.,  A,  voJ.  200,  Plate  27. 


Fig.  1. — Walliliu,  linnit-out  houses. 
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’1. — Walliliu  riantatiou  fields. 
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Anderson  and  Flett 


Phil.  Trans.,  A,  voL  200,  Plate  28 


Fig.  1. — Walliliii  Plantation  fields. 


Fig.  2. — Upper  Wallibu  Valley 
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L-indersan  and  Flett. 


1,  vol.  200,  Plate  29 
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Fig.  1.-  Fpj)er  Walliliu  \’alley. 


Fig.  2. — Wallilju  River,  erorleii  becl 
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Anderson  and  Flett 


Phil.  Trans.,  A,  r,  I.  200,  Thar  OO 


Fiii;.  1. — Secoii<l;ii'y  Criiter  j)it  in  the  ash  near  WaHihn. 


Fig.  :’.---lhi,viiie  on  slojies  of  Soufiiere, 


Anderson  and  Flett. 


Phil.  Trans.,  A,  rol.  200,  Plate  31 


Fig.  1. — Ciirili  Country,  Ciuie  iields. 


Fig.  2. —  Higher  Caril)  Country,  und  Ixise  of  Soufriere. 
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Phil.  Trans.,  A,  vol.  200.  Plate  ,32. 


Kiibukii  Dry  Eiver,  upper  A'ulley. 


Anderson  and  FIctt. 


Phd.  Trans.,  A,  vol.  200,  Plate  33 


Fig.  1. — Dry  Fiver  Valley,  'with  crater  Oowls. 


Fig.  2. — Nearer  view  of  crater  bowls. 


Anderson  and  Flett. 
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Anderson  and  Flett. 


Phil.  Trans.,  A,  vol.  200,  Plate  35 


Soiifrit'i'e,  windwiird  slopes. 
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Phil.  Trans.,  A,  vol.  200,  Plate  30 


Fig.  1. — St.  I’ieiTe,  Murtiiiique;  view  in  streets. 
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Anderson  cmd  Flett. 


Phil.  Trans.,  A,  vol.  200,  Plate  37. 


Fig.  1. — Grenada,  lagoon  and  carenage. 


Fig.  ’2. — Soufriere  crater  lake  before  eru’  tion. 
{Photo,  by  f.  C.  JVilsofi,  Kmgstoivn.) 


Anderson  and  Flett. 


Idnl.  Trans.,  A,  voh  200,  Plate  38. 


Montague  Pelee,  'lulj'  9,  1902,  evening. 


Anderson  and  Flett. 


Phil.  Trans.,  A,  vol.  200,  Plate  39. 


THE  NORTHERN  PART  OF 

S?  VINCENT 

om  the  Admiraltu  Chart 


Scale  of  Statute  Miles 


TroxMLmpa 


430 


ybintUfcIcPi'\ 


ilomeJir, 


Bladi:P: 

bSfc.  \ 


Longitude  Wcsl  jvoiilCi*eemvicii  (depeixdui^  upon  BatZt.‘ry,  Marijiiiqvi.e  hem^/  vi  61'’22'12''W 


: 

A- 


j 

V 


r 


I 


% 

fi 


[  555  ] 


INDEX 


TO  THE 


PHILOSOPHICAL  TRANSACTIONS. 


Series  A,  Yol.  200. 


A. 

I 

Aiv'deeson  (TEiiPEST)  and  Flett  (•John'  S.).  Report  on  the  Eruptions  of  the  Soufriere,  in  St.  Vincent,  in  1902,  and  on  a 
Visit  to  Montagne  Pelee,  in  Martinique. — Part  I.,  353. 


C. 

Correlation  of  organs,  relation  to  natural  selection  (Peaeson),  1. 
Crystalline  structure  of  lead,  effects  of  strain  on  (Httmfpet),  225. 
Cylinders,  liquid,  equilibrium  of  rotating  (Jeans),  67. 


D. 

Daewin  (G.  H.).  The  Stability  of  the  Pear-shaped  Figure  of  Equilibrium  of  a  Rotating  Mass  of  Liquid,  251. 
Detonation  waTes,  photographic  analysis  of.  &e.  (Dixon),  315. 

Dixon  (Haeold  B.).  On  the  Movements  of  the  Flame  in  the  Explosion  of  Gases,  315. 

E. 

Equilibrium  of  rotating  liquid  cylinders  (Jeans),  67. 

Equilibrium,  pear-shaped  figure  of,  of  rotating  liquid  mass  (Daewin),  251. 

Eruptions  of  Soufriere,  St.  Vincent,  and  Montagne  Pelee,  Martinique,  in  1902  (Andeeson  and  Flett),  353. 
Evolution,  contributions  to  mathematical  theory  of  (Peaeson),  1. 

Ewing  (J.  A.)  and  Humpeet  (J.  C.  W.).  The  Fracture  of  Metals  under  Repeated  Alternations  of  Stress,  211. 
Explosion  of  gases,  movements  of  flame  in  (Dixon),  315. 


F. 

Flame  in  explosion  of  gases,  movements  of  (Dixon),  315. 
Flett  (John  S.).  See  Andeeson  and  Flett. 


G. 

Gases,  explosion  of — flame-movements,  flame-spectrum,  sound-velocity  in  (Dixon),  315. 
Glass,  coefficient  of  expansion  at  low  temperatures  (Te.avees,  Sentee,  and  J.AQrEROD),  105. 

VOL.  CC. - A  330,  4  c 


11.3.03 


INDEX. 


55(j 


H. 

Harmouics,  spherical,  application  to  expansion  of  functions  (Schustee),  181. 

Htjiifeet  (J.  C.  W.).  Effects  of  >Strain  on  the  Crystalline  Structure  of  Lead,  225.  (See  also  Ewiisra  and  Hujipret.) 


Integrals,  on  some  definite  (Schttstee),  181. 


I. 


J. 

Jaqtjeeod  (A.).  See  Teavees,  Senter,  and  Jaqueeod. 

Jeatts  (J.  H.).  On  the  Equilibrium  of  Rotating  Liquid  Cylinders,  67. 


L. 

Lead,  crystalline  structure  of,  effects  of  strain  on  (Uumeeey),  225. 

Liquid  rotating  cylinders,  equilibrium  of  (Jeans),  67. 

Liquid  rotating  mass,  pear-shaped  equilibrium  figure  of  (Daewin),  251. 

M. 

Magnetism,  terrestrial — reduction  by  application  of  spherical  harmonies  (Schustee),  181. 

Metals,  fatigue,  slip-bands  and  fracture  produced  under  alternations  of  stress  (Ewin&  and  Humeeet),  241. 

Montague  Pelee,  Martinique,  report  on  a  visit  to,  in  1902  (Andeeson  and  Flett),  353. 

* 

P. 

Peasson  (K.vee).  Mathematical  Contributions  to  the  Theory  of  Evolution. — XI.  On  the  Influence  of  Natural  Selection 
on  the  Variability  and  Correlation  of  Organs,  1. 


S. 

St.  ATuceut,  eruptions  of  the  Soufriere  in,  in  1902  (Andeeson  and  Fiett),  353. 

ScHusTEE  (Aethue).  On  Some  Definite  Integrals  and  a  New  Method  of  Reducing  a  Function  of  Spherical  Co-ordinates  to 
a  Series  of  Spherical  Harmonics,  181. 

Selection,  natur-al,  influence  of,  on  variability  and  correlation  of  organs  (Peaeson),  1. 

Sentee  (G.).  See  Travers,  Senter,  and  Jaqueeod. 

Soufriere,  St.  Vincent,  eruptions  of,  in  1902,  &c.  (Anderson  and  Flett),  353. 


T. 


Temperature,  measurement  of  (Teavees,  Sentee,  and  Jaqueeod),  105.. 

Teavees  (M.  W.),  Sentee  (G.),  and  Jaqueeod  (A.).  On  the  Measurement  of  Temperature.  Parti. —  On  the  Pressure 
Coefficients  of  Hydrogen  and  Helium  at  Constant  Volume  and  at  Different  Initial  Pressures.  Part  II. — On  the  Vapour 
Pressures  of  Liquid  Oxygen  at  Temperatures  below  its  Boihng-Point  on  the  Constant- Volume  Hydrogen  and  Helium 
Scales.  Part  III. — On  the  Vapour  Pressures  of  Liquid  Hydrogen  at  Temperatures  below  its  Boiling-Point  on  the 
Constant-Volume  Hydrogen  and  Helium  Seales,  105. 

V. 

Vapoiu’  pressures  of  liquid  hydrogen  and  oxygen,  and  solid  neon  (Teavees,  Sentee,  and  Jaqueeod),  1C5. 

Variability  of  organs,  relation  to  natural  selection  (Pearson),  1. 

Volcanic  eruptions  in  St.  Vincent  and  Martinique,  1902  (Andeeson  and  Flett),  353. 

Volcanic  phenomena  in  Antilles  and  Central  America  in  1902  (Andeeson  and  Flett),  353. 


HARRISON  AND  SONS,  PRINTERS  IN  OHDINAET  TO  HIS  AIAJESTT,  ST.  MAETIN’S  LANE,  LONDON,  W.C. 


Nolo  ready. 

Published  by  Oi-at  and  Sons,  Aye  Maria  Lane, 

CATALOGUE  OF  SCIENTIFIC  PAPEKS, 

COMPILED  BY  THE  ROYAL  SOCIETT. 

Vol.  12  (Supplementary  Volume,  1800-1883).  Price: — Clotli,  25s.  net.;  Ealf-morocco,  32s.  net. 

The  hack  volumes  on  sale  as  follows  : — ^Vols.  1-6  (1800-63),  cloth  (vol.  1  in  half  morocco)  £4  net ;  half¬ 
morocco,  £5  5s.  net.  Vols.  7,  8  (1864-73),  cloth,  £1  11s.  6d.  net;  half  morocco,  £2  5s.  net.  Single  vols., 
cloth,  20s. ;  half  morocco,  28s.  net.  Vols.  9,  10  and  11  (1874-83),  cloth  £1  5s.  net;  half-morocco,  £1  12s.  net. 

A  reduction  of  price  to  Fellows  of  the  Royal  Society. 


Published  by  Kegan  Paul,  Trench,  Trubner,  and  Co, 

Royal  4to,  pp.  xiv. — 326,  cloth.  Price  21s, 

OBSEPYATIONS  OF  THE  INTERNATIONAL  POLAR  EXPEDITIONS. 

1882-1883. 

FORT  RAE. 

With  32  Lithographic  Folding  Plates. 

A  reduction  of  price  to  Fellows  of  the  Royal  Society. 


Published  by  Kegan  Paul,  Trench,  Trubner,  and  Co. 

A  few  copies  at  the  reduced  price  of  £1  Is.  (published  at  £3). 

Royal  4to,  pp.  iv. — 936,  cloth. 

A  MONOGRAPH  OF  THE  HORNY  SPONGES. 

By  R.  von  LEKDEKFELD. 

With  51  Lithographic  and  Photographic  Plates. 

A  further  reduction  of  price  to  Fellows  of  the  Royal  Society. 


Published  by  Kegan  Paul,  Trench,  Trubner,  and  Co, 

In  1  vol.,  4to.  Pp.  500.  With  6  Chromolithographs  of  the  remarkable  Sunsets  of  1883  and 

40  Maps  and  Diagrams. 

THE  ERUPTION  OF  KRAKATOA  AND  SUBSEQUENT  PHENOMENA. 

Report  of  the  Krakatoa  Committee  of  the  Royal  Society. 

Edited  by  G.  J.  SYMONS,  F.R.S. 

Price  30s.  To  Fellows,  20s. 


Now  Ready.  Price  8s. 

Royal  4to.  112  pages  with  Map  and  Illustrations. 

MAGNETIC  AND  METEOROLOGICAL  OBSERVATIONS 


MADE  BY 

THE  “SOUTHERN  CROSS”  ANTARCTIC  EXPEDITION,  1898-1900. 

Under  the  Direction  of  C.  E.  Borchgrevink. 

Published  by  the  Royal  Society  of  London,  and  sold  by  Harrison  and  Sons,  St.  Martin’s  Lane. 

Fellows  of  the  Royal  Society  can  obtain  copies  gratis,  on  application. 


THE  PHILOSOPHICAL  TRANSACTIONS  OF  THE  ROYAL  SOCIETY. 


£ 

s. 

d. 

£ 

s. 

1801.  Part 

II... 

0  17 

6 

1833.  Part 

II... 

2 

18 

1802.  Part 

I... 

0  11 

0 

1834.  Part 

I... 

0  17 

-  Part 

II... 

0  17 

6 

-  Part 

II... 

2 

2 

1803.  Part 

I. .. 

0 

12 

6 

1835.  Part 

I... 

1 

2 

-  Part 

II... 

0  13 

6 

-  Part 

II... 

0 

14 

1804.  Part 

I... 

0 

10 

6 

1836.  Part 

I... 

1 

10 

-  Part 

II... 

0  12 

6 

-  Part 

II... 

2 

0 

1805.  Part 

1... 

0 

10 

0 

1837.  Part 

I... 

1 

8 

-  Part 

11... 

0 

11 

6 

-  Part 

II... 

1 

8 

1806.  Part 

I... 

0  13 

6 

1838.  Part 

1... 

0 

13 

-  Part 

II... 

0  17 

6 

-  Part 

II... 

1 

8 

1807.  Part 

I... 

0 

10 

0 

1839.  Part 

I... 

0 

18 

-  Part 

11... 

0 

15 

6 

-  Part 

II... 

1 

1 

1808.  Part 

I... 

0 

9 

6 

1840.  Part 

I... 

0  18 

-  Part 

11... 

0 

14 

6 

- Part 

II... 

2 

5 

1809.  Part 

I... 

0 

14 

6 

1841.  Part 

I... 

0 

10 

-  Part 

II... 

1 

0 

6 

-  Part 

II... 

1 

10 

1810.  Part 

1... 

0 

10 

6 

1842.  Part 

I... 

0 

16 

-  Part 

II... 

0 

12 

0 

-  Part 

II... 

1 

2 

1811.  Part 

I... 

0 

15 

0 

1843.  Part 

I... 

0  10 

-  Part 

II... 

0  15 

0 

-  Part 

11... 

1 

10 

1812.  Part 

I... 

0 

17 

6 

1844.  Part 

I... 

0 

10 

-  Part 

11... 

0  17 

6 

-  Part 

11... 

1 

10 

1813.  Part 

1... 

0 

14 

0 

1845.  Part 

I... 

0 

16 

-  Part 

II... 

0 

18 

0 

-  Part 

11... 

1 

0 

1814.  Part 

I... 

0 

18 

0 

1846.  Part 

I... 

0 

7 

1815.  Part 

II... 

1 

2 

0 

-  Part 

II... 

1 

12 

1816.  Part 

II... 

0 

17 

6 

-  Part  III. . . 

1 

12 

1819.  Partin. . . 

0 

10 

0 

Part  lY. . . 

1 

12 

1823.  Part  II. . . 

1 

8 

0 

1847.  Part 

I... 

0  14 

1824.  Part 

I... 

0 

12 

6 

-  Part 

II... 

0  16 

-  Part 

II... 

1 

0 

0 

1848.  Part 

I... 

1 

0 

-  Part  III. . . 

1 

4 

0 

-  Part 

II... 

0 

14 

1825.  Part 

I... 

1 

4 

0 

1849.  Part 

I... 

1 

0 

-  Part 

II... 

2 

0 

0 

-  Part 

II... 

2 

5 

1826.  Part 

I... 

1 

2 

6 

1850.  Part 

I... 

1 

10 

— —  Part 

11... 

0  12 

6 

-  Part 

II... 

3 

5 

-  Paid;  III. . . 

2 

0 

0 

1851.  Part 

1... 

2 

10 

-  Part  IV. . . 

1 

2 

6 

-  Part 

II... 

2 

10 

1827.  Part 

I.  .. 

0 

18 

0 

1852.  Part 

I... 

1 

0 

-  Part 

II.,. 

0 

18 

0 

-  Part 

II... 

2 

5 

1828.  Part 

I.., 

1 

1 

0 

1853.  Part 

I... 

0 

18 

-  Part 

II... 

0  10 

0 

-  Part 

II... 

0 

12 

1829.  Part 

1... 

0 

16 

0 

-  Part  III. . . 

1 

2 

- -  Part 

11... 

0 

14 

0 

1854.  Part 

I... 

0 

12 

1830.  Part 

1... 

1 

10 

0 

-  Part 

II... 

0 

16 

-  Part 

II... 

1 

1 

0 

1855.  Part 

I... 

0 

16 

1831.  Part 

1... 

1 

10 

0 

-  Part 

II... 

1 

6 

-  Part 

II... 

1 

12 

0 

1856.  Part 

I... 

2 

0 

1832.  Part 

I... 

1 

1 

0 

-  Part 

11... 

1 

4 

Part 

II... 

2 

0 

0 

-  Part  III. . . 

1 

4 

1833.  Part 

I... 

1 

1 

0 

1857.  Part 

I... 

1 

8 

d.  1 

£ 

s. 

d. 

£ 

s. 

d. 

0  j 

1857.  Part 

II... 

1 

4 

0 

1882.  Part  II. . . 

2 

0 

0 

0 

-  Part  III.  . . 

1 

2 

0 

Partin... 

2 

10 

0 

0 

1858.  Pai-t 

I.  .. 

1 

8 

0 

-  Part  lY. . . 

1 

0 

0 

0 

-  Part 

II... 

3 

0 

0 

1883.  Part  I. . . 

1 

10 

0 

0 

1859.  Part 

I... 

2 

10 

0 

-  Part  11. . . 

2 

10 

0 

0 

-  Part 

II... 

2 

5 

0 

Partin... 

1 

12 

0 

0 

1860.  Part 

I... 

0 

16 

0 

1884.  Part  I. . . 

1 

8 

0 

A 

-  Part 

II... 

2 

1 

6 

-  Part  11. . . 

1 

16 

0 

u 

1861.  Part 

I... 

1 

3 

0 

1885.  Part  I. . . 

2 

10 

0 

0 

-  Part 

11... 

1 

5 

0 

-  Part  11. . . 

2 

5 

0 

0 

-  Part  III. . . 

1 

7 

61 

1886.  Part  I. . . 

1 

8 

0 

0  ’ 

1862.  Part 

I... 

2 

14 

0  ! 

-  Part  11. . . 

1 

15 

0 

0 

-  Part 

II... 

3 

0 

0, 

1887.  (A.)  .... 

1 

3 

0 

6 

1863.  Part 

I... 

1 

14 

0  ' 

-  (B.)  .... 

1 

16 

0 

0 

-  Part 

II... 

1 

7 

6  ' 

1888.  (A.)  .... 

1 

10 

0 

0 

1864.  Part 

I... 

0 

11 

0  ' 

-  (B.)  .... 

2 

17 

6 

0 

-  Part 

II... 

1 

7 

6, 

1889.  (A.)  .... 

1 

18 

0 

0 

-  Part  III. . . 

1 

10 

0 

-  (B.)  .... 

1 

14 

0 

0 

1865.  Part 

I... 

2 

2 

0 : 

1890.  (A.)  .... 

1 

16 

6 

0 

-  Part 

II... 

1 

5 

0  i 

-  (B.)  .... 

1 

5 

0 

0 

1866.  Part 

I... 

1 

14 

0 ! 

1891.  (A.)  .... 

2 

2 

0 

A 

-  Part 

II... 

2 

7 

6 

-  (B.)  .... 

3 

8 

0 

1867.  Part 

I... 

1 

3 

0 

1892.  (A.)  .... 

2 

1 

0 

u 

-  Part 

II... 

1 

15 

0 

-  (B.)  .... 

2 

2 

0 

0 

1868.  Part 

I... 

2 

5 

0 

1893.  (A.)  .... 

3 

14 

0 

0 

-  Part 

11.., 

2 

0 

0 

-  (B.)  .... 

2 

13 

0 

0 

1869.  Part 

I... 

2 

10 

0 

1894.  (A.)  Pt.  I. 

1 

5 

0 

6 

- Part 

II... 

3 

o 

O 

0 

- (A.)Pt.IL 

1 

10 

0 

0 

1870.  Part 

I... 

1 

10 

0 

(B.)Pt.  I. 

3 

10 

0 

0 

-  Part 

II... 

1 

18 

0 

(B.)  Pt.  11. 

1 

11 

6 

0 

1871.  Part 

I... 

1 

10 

0 

1895.  (A.)  Pt.  I. 

1 

14 

0 

0 

-  Part 

II... 

2 

5 

0 

(A.)  Pt.II. 

1 

3 

6 

0 

1872.  Part 

I... 

1 

12 

0 

(B.)Pt.  I. 

1 

15 

0 

0 

-  Part 

II... 

2 

8 

0 

(B.)  Pt.II. 

0 

16 

6 

0 

1873.  Part 

I... 

2 

10 

0 

1896  (A)Yol.l87. 

1 

19 

6 

A 

-  Part 

II... 

1 

5 

0 

(B)Yo].187. 

0 

19 

0 

u 

1874.  Part 

I... 

2 

8 

0 

(A)Yo].188. 

1 

9 

0 

0 

-  Part 

II... 

3 

0 

0 

- (B)Yol.l88. 

0 

19 

6 

0 

1875.  Part 

I... 

3 

0 

0 

1897(A)Vol.l89. 

1 

0 

0 

0 

-  Part 

II.,. 

3 

0 

0 

- (B)Yol.l89. 

0 

17 

6 

0 

1876.  Part 

1... 

2 

8 

0 

(A)Yol.l90. 

1 

8 

6 

0 

-  Part 

11... 

2 

8 

0 

(B)Vol.l90. 

2 

5 

0 

0 

1877.  Part 

1. .. 

1 

16 

0 

1898  (A)  Yol. 191. 

1 

16 

0 

0 

-  Part 

11... 

2 

5 

0 

(B)Yol.l91. 

1 

12 

0 

0 

Yol.  168  (extra) 

3 

0 

0 

1899(A)Yol.l92. 

1 

8 

6 

0 

1878.  Part 

1... 

1 

16 

0 

(B)Yol.l92. 

1 

7 

6 

A 

-  Part 

II... 

3 

0 

0 

!  1900  (A)Yol.l93. 

1 

10 

0 

1879.  Part 

I... 

2 

0 

0 

(B)Yol.l93 

1 

5 

0 

u 

-  Part 

II... 

1 

12 

0 

(A)Yol.l94. 

1 

1 

6 

0 

1880.  Part 

I... 

2 

5 

0 

1901  (B)Yol.l94. 

3 

0 

0 

0 

-  Part 

II... 

2 

0 

0 

(A)Vol.l95. 

1 

7 

0 

0 

-  Part  III. . . 

1 

1 

0 

(A)Yo].196. 

1 

11 

0 

0 

1881.  Part 

I... 

2 

10 

0 

1902(A)Yol.l97. 

1 

15 

0 

0 

-  Part 

II... 

1 

10 

0 

(A)Vol.l98. 

1 

S 

6 

0 

-  Part  III. . . 

2 

2 

0 

(A)  Yol.  199. 

1 

6 

0 

0 

1882.  Part 

I... 

1 

14 

0 

1903  (B)  Yol.195 

1 

7 

0 

When  the  Stock  on  hand  exceeds  One  Hundred  Copies,  the  volumes  preceding  the  last  Five 
Years  may  be  purchased  by  Fellows  at  One-Third  of  the  Price  above  stated. 


SOLD  BY  HAEEISOFT  AND  SONS,  ST.  MAETTN’S  LANE, 
AND  ALL  BOOKSELLEES. 
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